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that there are no physicochemical interactions between solids and
liquid. If Pm' Pw, and Ph are the densities ofmud, water, and hydro­
carbon phases respectively at any pressurep and temperature T, then
the compositional model2 is given by
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The subscript "1" indicates the values at a temperature of TI and
pressure PI, and V.fwl and V.fh I are the fractional volumes of water
and hydrocarbon phases, respectively. McMordie et al.I and Peters
etai.2 reportedp- P-Tdata for twelve muds using HPHT autoclaves.
Peters et ai. 2 satisfactorily predicted mud weights with Eq. 1, using
Ph and Pw data obtained on the same equipment. Sorelle et ai.6 pro­
posed the following relationships for Pw and Ph (diesel oil No.2)
for use in Eq. 1.

Pw = 8.63186 - 3.31977 x 1O-3T + 2.3717 x 1O-5(p - Po),

....................... (2)

Ph = 7.24032 - 2.84383 x 1O-3T + 2.7566 x 1O-5(p - Po)'

....................... (3)

Kutasov7 analyzed p- P-T behavior of water and proposed the fol­
lowing relationship.

It may be noted these five oil-based muds (i.e., Muds 4 through
8) were prepared from diesel oil No.2. Because Eq. 4 represented
the water density data accurately, mud weights predicted from Eq.
1 and Eq. 4 are computed for three water-based muds and the aver­
age errors are given in Table 1 under compositional model. For all
the cases, for use in Eq. 1, measured mud weights at the lowest tem­
perature and at atmospheric pressure were used as Pm I. Corre­
sponding V.fwl and V.fhl values were estimated from the composi­
tions of the individual muds reported in the respective studies.
Average errors calculated from the tables ofpredicted and measured
mud weights of Peters et ai.2 for six oil-based muds are also given
in Table 1 as compositional model.

Kutasov9 proposed the following empirical equation to describe
the p- P-T behavior of drilling muds.

Pm = Pmoexp[a(P - Po) - f3(T - To) ± y(T - To)2]. .. (6)

The average error in predicting the water densities with Eq. 4 in the
HPHT region was reported to be low. Using EqA, Babu8 studied the
effect of thermal gradient on hydrostatic gradients. In the above
equations, Po and To represent standard pressure (14.7 psia) and
temperature (59°F), respectively.

Predicted values of mud weights were computed for the Sorelle
etai. 6 model using Eqs. 1through 3, and the average errors are given
in Table 1 for three water-based muds and for three oil-based muds
of McMordie et ai. 1 (Muds 1 through 6) and for two oil-based muds
of Peters et ai.2 (Muds 7 and 8). The average error is computed as

Evaluation of p-p-TModels of Drilling Muds

In the past, several authors2,4,6 proposed compositional models to
interpret P- P-T behavior of drilling muds. In the compositional
models, the density of solids is assumed to be independent of tem­
perature and pressure and the p- P-T behavior of mud is interpreted
in terms of changing densities of liquid phases. It is also assumed

Summary

In this study, publishedP- P-T data of twelve muds are compared us­
ing three models already proposed. The empirical model suggested
by Kutasov is found to represent the measured data more accurately
than the other models for a majority of the muds. With the help of
the empirical model, an explicit equation is derived analytically to
predict static pressures at different depths. Based on the analysis, an
equivalent static density (ESD) variable is defined that incorporates
the mudP- P-Tbehavior, pressure and temperature ofthe mud at sur­
face, thermal gradient, and depth of the well. It is suggested that
ESD should be used in place of normally used mud weight term in
all phases of deep well drilling. The analysis is applied to a high­
temperature, 25,OOO-ft deep example well. It is observed that static
pressure or ESD at the bottom of the well decreases during tripping
and the extent of decrease is dependent on the type of mud. For the
example well, it is estimated that a maximum reduction in ESD of
about 0.62 Ibm/gal occurs in the case of 18-lbm/gal water-based­
mud, and a minimum reduction of about 0.2 Ibm/gal occurs in the
case of a II-Ibm/gal diesel-oil-based mud.
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Introduction

During various phases of drilling, static pressures exerted by a mud
column are usually calculated by assuming a constant mud weight
at all depths in the borehole. Mud at different depths experiences
different temperatures and pressures. Further, the temperature in the
borehole changes during different phases of drilling. Mud weights
at downhole temperatures and pressures can be significantly differ­
ent from those measured at the surface in high-pressure and high­
temperature (HPHT) deep wells. Measured data1,2 of different
muds whose weights varied up to 18 Ibm/gal and temperatures up
to 400°F and pressures up to 15,000 psig showed that mud weight
variations of the magnitude of 1.5 Ibm/gal occurred for both water­
as well as oil-based muds. Ifthese variations are not accounted prop­
erly during the estimation of static pressures, they can cause well
control problems during deep and hot well drilling. Through a re­
cent survey conducted in the Norwegian sector of North Sea oil
fields, Mathiesen3 observed HPHT deep wells were prone to more
kicks and well-control problems when compared to the other deep
wells drilled in the same area.

In the past, two numerical models4,5 were proposed to estimate
the static pressures while accounting for the mud weight variations
with downhole pressures and temperatures. Because these models
are based on the compositions of the muds, they require large data
bases of P- P-T behaviors of individual components. Currently,
there is no simple and accurate method available for the industry for
the estimation of downhole static pressures that incorporates the
P- p-T behavior of muds.
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TABLE 1-COMPARISON OF AVERAGE ERRORS BETWEEN
THE THREE MODELS

Mud Average Error in %
Wt.

Mud in Sorelle
No. Base of Mud Ibm/gal et a/. Compositional Empirical

1 Water 11 1.31 0.38 0.19
2 Water 14 1.15 0.41 0.12
3 Water 18 1.43 0.80 0.11
4 Diesel Oil No.2 11 1.35 NA 0.25
5 Diesel Oil No.2 14 1.36 NA 0.18
6 Diesel Oil NO.2 18 1.29 NA 0.17
7 Diesel Oil No.2 11 0.49 0.27 0.27
8 Diesel Oil No.2 17 0.50 0.23 0.23
9 Mineral Oil-A 11 NA 0.28 0.31

10 Mineral.Oil-A 17 NA 0.16 0.24
11 Mineral Oil-B 11 NA 0.17 0.33
12 Mineral Oil-B 17 NA 0.10 0.27

Muds 1 through 6 from McMordie at al.1

Muds 7 through 12 from Peters et al.2
NA - Not available

He evaluated the empirical constants PmO, a, p, and y for the mea­
sured data for five muds (Muds 1 through 4 and 6) of McMordie et
al. I The constants are given in Table 2. Linear regression analysis
performed on the measured data of Mud 5 yielded empirical
constants that were different from those given by Kutasov.9 These
constants are given in Table 2, which predicted the measured mud
weights with an average error of 0.18%, which is marginally better
than 0.21 % obtained by using the constants suggested by Kutasov.9

Empirical constants for the six oil-based muds of Peters et al.2

(Muds 7 through 12) were estimated and given in Table 2. The aver­
age errors in the predicted values of Eq. 6 for the twelve muds are
given in Table 1. Predicted mud weights with the empirical model
are compared with those in the other models in Figs. 1 through 3
for Muds 3, 4, and 7, respectively.

TABLE 2-EMPIRICAL CONSTANTS IN EQ. 6 FOR
DIFFERENT MUDS

P mO a {3 r
Mud Ibm/g x106 x104 x107

No. Base of Mud al psi-1 °F-1 °F-2

1 Water 10.770 3.3815 2.3489 -4.2366
2 Water 13.684 3.2976 1.7702 -5.2126
3 Water 18.079 3.0296 1.3547 -4.1444
4 Diesel Oil No.2 11.020 6.5146 4.3414 1.4144
5 Diesel Oil NO.2 14.310 5.9793 3.3701 0.3383
6 Diesel Oil No.2 18.049 5.1951 2.9637 0.7460
7 Diesel Oil No.2 11.042 3.3807 3.6838 1.8996
8 Diesel Oil No.2 17.030 2.7186 2.5544 1.0479
9 Mineral Oil-A 11.029 3.9462 3.5364 1.2184

10 Mineral Oil-A 17.028 2.8496 2.4840 0.1884
11 Mineral Oil-B 11.033 4.0659 3.7981 1.8033
12 Mineral Oil-B 17.032 2.9796 2.6558 0.8413

Constants for Muds 1 through 4 and 6 are estimated by Kutasov.9

Constant Mud Weight in the Wen

While computing the mud weight profiles in the wells, Peters et al.2

observed that in a cold well, mud weight increased with depth and
the opposite occurred in a hot well. They concluded that a priori pre­
diction of how the downhole mud weights vary was not possible.
With the help of the empirical model given in Eq. 6, such a priori
predictions can be made very easily. Because the temperature and
pressure ofa mud column increases with depth, the mud at any depth
experiences two opposing effects. Increase in pressure tends to in­
crease the mud weight because of compressibility, whereas the in­
crease in temperature tends to decrease the mud weight owing to
thermal expansion. For a particular temperature profile, these two
opposite effects cancel out, leaving uniform mud weight along the
depth of the well that is equal to that at surface, i.e., PmO. For this
to occur, the argument of the exponential term in Eq. 6 should be
zero, i.e.,

19,-------------------" 12,------------------"
6. Empirical Model

o Compositional Model
6. Empirical Model

o Sorelle et al. Model
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Fig. 1-Comparison of calculated and measured mud weights
for 18-lbmlgal water-based mud (Mud 3).

Fig. 2-Comparison of calculated and measured mud weights
for 11-lbmlgal diesel"oll-based mud (MUd 4).
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Fig. 4-Temperature profiles for constant mud weight condition
for three 11-lbrnlgal muds (Muds 1, 4 and 7).

a(p - Po) - peT - To) ± yeT - To)2 = O. . . . . . . . . .. (7)

In such situation, the pressure at any depth is given by

P - Po = 0.052 PmO D. . (8)

After substituting Eq. 8, Eq. 7 can be solved to get an explicit rela­
tion for Tin tenns of D.

P- jp2 =F 0.208aYPmoD
T - To = ± 2y (9)

_ 1 1
P - Po - alnl _ F(D)" (13)

In this equation, the function F(D) assumes two different forms, de­
pending upon the sign of the y(T - ToP term of Eq. 6.

In most ofthe fields, pressure is conveniently represented as pres­
sure gradient expressed in density units. Therefore, an ESD or Pse

variable that incorporates P- P-T behavior of the mud, surface tem­
perature and pressure, thermal gradient, and depth of the well can
be defined as

It is interpreted that when a mud at a particular depth has a tempera­
ture higher than that given by Eq. 9, the mud weight at that depth is
lower than that measured at the surface, which shows the dominance
of thermal expansion effect. If the temperature of the mud is lower,
then the mud weight is higher than that measured at the surface,
which indicates that the compressibility effect is predominant.
Using the empirical constants given in Table 2, the temperatures
pre-dicted by Eq. 9 are plotted against depth for Muds 1,4, and 7 in
Fig. 4.

P - Po 1 1
ESD = 0.052D = 0.052aD In 1 _ F(D)" (14)

ESD can be used in place ofnormally used mud weight term to have
a better understanding of several critical drilling situations.

Case 1

For oil-based muds, the P- P-T relationship is given by

Estimation of Static Pressures (15)
To get an analytical solution, a simplified version ofmechanical en-
ergy balance can be written as For this case, F(D) assumes the following form.

dp
dD = 0.052pm' (10)

It is assumed that the temperature of borehole increases linearly
with depth, i.e.,

T = To + gTD. . (11)

The boundary condition at the surface can be written as

at D = 0; P = Po' T = To- (12)

After substituting Eq. 6 and Eq. 11 in Eq. 10 and solving it with ap­
propriate manipulations and with the help of the boundary condi­
tions given by Eq. 12, one gets

_ 0.052apmo exp(- a2)~DDI2k+1+ a2k+1

F(D) - .fY. L (2k + l)k! , .... (16)
ygT k=O

where the dimensionless constant a is given by

a = L (17)2fY' .

and the dimensionless depth variable DD 1 is given by

DDt = fY gTD - a. . (18)

For field applications, summation of the convergent series in Eq. 16
over the first ten terms gives enough accuracy.
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and To, the above analysis can be used with appropriate corrections
on PmO andf3. Defining PmI andf31 as

Pml = pmOexp[a(P1 - Po) - f3(TI - To) ± y(TI - To)z],

.., (24)

f31 = f3 =F 2y(TI - To). . (25)

If the surface pressure and temperature are PI and TI respectively,
then PmI,f3}, PI, and TI should be used in place of Pmo,f3, po, and
To respectively in Eqs. 9, 13, 14, 16 through 18, and 20 through 23.
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Corrections for Other Surface Conditions

In the present analysis, it is assumed that at surface pressure (Po) and
temperature (To) are 14.7 psia and 59°F, respectively. On occasions,
when the surface conditions are PI and TI, which are other than Po

and the dimensionless depth variable DD2 is given by

ESD = PmO[ 1 + !(0.05Lpmoa - f3gT)Dl (23)

Pm = pmOexp[a(p - Po) - f3(T - To) - y(T - To)z].

...................... (19)

F(D) for the case of water-based muds is given by

DD2 = fY gTD + a. . (22)

DDI

eif(DDZ) = kf exp(-uz)du, (21)

o

Approximate Solution for Cold Wells

When gr is low, which is the case with the cold wells, the contribu­
tion from higher order terms in the right hand side of Eq. 14 to ESD
is not so significant. For such cases, an approximate and simple
equation can be derived for ESD. After substituting either Eq. 16 or
Eq. 20 with series representation for error functions in Eq. 14 and
expanding the natural logarithm in terms of a series and neglecting
the D3 and higher degree terms, one can get

F(D) = 0.052ailoexp(az);; [eif(DDZ)--eif(a)]. . ..... (20)
ygT

From the definition, the error function erf(DD2) can be written as

Case 2

p-p-Trelationship for water-based muds is established to be
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TABLE 3-COMPARISON OF EQUIVALENT STATIC DENSITIES AT THE SURFACE AND AT
THE BOTTOM OF THE EXAMPLE WELL WITH DIFFERENT MUDS DURING TRIPPING

Equivalent Static Density (ESD) in Ibm/gal

After Tripping
Before Tripping T1=70°F,

(T1=150°F) ,9r=1.8°F/100 ft

Bottom Bottom
Reduction at

Mud No. Surface Eq.14 Eq.23 Surface Eq.14 Bottom

1 10.505 10.571 10.584 10.742 10.118 0.453
2 13.407 13.610 13.592 13.656 13.012 0.598
3 17.796 18.225 18.232 18.051 17.604 0.621
4 10.606 10.791 10.773 10.968 10.516 0.275
5 13.882 14.332 14.305 14.257 13.994 0.338
6 17.581 18.333 18.273 17.990 17.992 0.341
7 10.695 10.706 10.692 10.998 10.509 0.197
8 16.652 16.881 16.863 16.982 16.642 0.239
9 10.691 10.741 10.731 10.986 10.523 0.218
10 16.650 16.882 16.873 16.982 16.588 0.294
11 10.674 10.725 10.711 10.987 10.514 0.211
12 16.637 16.894 16.876 16.983 16.626 0.268

Before Tripping, for Muds 1 through 3,
gr=O.40°F/100 fl and for Muds 4 through 12 gr=O.57°F/100 fl.

Static Pressure Variations During Tripping

B.ecause a large number of reported blowouts occurred during trip­
plUg, an attempt is made in this section to estimate the static pressure
variation~ during tripping with the help of Eq. 14. Before tripping,
the well is usually under continuous circulation for several hours.
R~y~ondl~ anal~zed the temperature distributions in circulating
drilhng fluids. His analysis showed that with normal circulating
rates, once a few hole volumes of mud were circulated out, the well
attains a psuedosteady state thermal equilibrium in which the tem­
peratures in the bottom half of the well are significantly lower than
that of the geothermal, while the upper half becomes warmer. With
these conditions, the well is expected to have low temperature gradi­
ent. When the circulation is stopped before tripping, the temperature
gradient in the well steadily increases toward the geothermal level.
For the long tripping times usually observed in deep wells, the final
temperature gradient before restarting the circulation can be very
close to the geothermal gradient. To estimate the variations in static
pressures during tripping, an example well with a depth of 25,000
ft is chosen. The borehole diameter, circulation rate, and geothermal
gradient are assumed to be 8% in., 300 gaUmin, and 1.8°F/lOO ft, re­
spectively. Under these conditions, with the outlet mud temperature
of 150°F, approximate thermal gradients before tripping are esti­
mated from Raymond's analysis as 0.4 and 0.57°FIlOO ft for water­
and oil-based muds respectively. After the trip, the thermal gradient
and the surface temperature are assumed to be 1.8°F/100 ft and
70°F, respectively. In both cases, the pressure of mud at surface is
assumed to be 14.7 psia. Equivalent static density profiles for these
two thermal regimes are computed from Eq. 14 using the constants
given in Table 2 and the corrections given by Eqs. 24 and 25 and are
plotted in Figs. 5 through 7 for Muds 3, 6, and 7, respectively. Eq.
23 is also plotted in the same figures as the dotted line for the thermal
regimes existing before tripping that are characterized by low ther­
mal gradients. In Table 3, ESD values predicted by Eq. 14, at the
surface and at the bottom of the example well for the two thermal
regimes, are given for all twelve muds. Also given in Table 3 are
ESD values at the bottom of the well predicted by Eq. 23 for the be­
fore-tripping case and the reduction in ESD at the bottom ofthe well
during tripping, as predicted by Eq. 14.

Results and Discussion

From Table 1 and from Figs. 1 through 3, it is observed that the em­
pirical model fits the measured data of McMordie et al. 1 for Muds
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1. through 6 better than the Sorelle et al. 's model and the composi­
tional model. For the measured data of two diesel-oil muds ofPeters
etal.2 (i.e., Muds 7 and 8), the empirical modelis observed to fit bet­
ter than that of Sorelle et al.6 For these two cases, average errors in
empirical and compositional models are observed to be identical.
~or the muds prepared from two mineral oils A and B, the composi­
tional model appears to be marginally better than the empirical mod­
el. It can be concluded that the empirical model represents the p- p-T
behavior more accurately than the other models for the majority of
the muds for which measured data are available.

From Figs. 2 and 3, it is seen that for the diesel-oil-based muds
Sorelle et al. 's model fits measured data of Mud 7 better than tha~
in the case of Mud 4 in the high-pressure, low-temperature region.
Similar observations are also made while comparing the data for
Mud 8 and Muds 5 and 6. Therefore, the diesel oil whose p- p-T data
were used to develop Eq. 3 appears to be closer to the diesel oil used·
in the preparation of Muds 7 and 8. In the high-temperature, low­
pressure region, the predicted values of Sorelle et ai. 's model devi­
ate significantly from the measured data for Muds 4 through 6 and
to a less extent for Muds 7 and 8. This may be caused by the nature
of p- p-T behavior of hydrocarbon liquids, which deviates signifi­
cantly from the type of linear relationship assumed in Eq. 3 in this
region. It is observed from Fig. 4 that the two II-Ibm/gal diesel-oil­
based muds are having different temperature profiles. It is of interest
that the compositions of the two II-Ibm/gal diesel-oil-based muds
differ marginally. Estimated values of empirical constant a, which
is an indirect measure ofcompressibility of the mud, appear to differ
by an order ofmagnitude in these cases, which suggests that the two
diesel oils used in the preparation of the Muds 4 through 8 are not
similar with respect to their compressibility and thermal expansion
characteristics even though they are grouped under the same broad
category ofdiesel oil No.2. However, the empirical model indicates
the least deviation in all these cases.

Kutasov9 observed that at higher temperatures, physicochemical
interactions between the solids and liquid might influence p- p-Tbe­
havior of muds. Further, the types and quantities of additives used
for the preparation ofthe mud vary widely from location to location.
Elsen et al. ll discussed the successful application of 18-lbm/gal
lime-based water mud in a HPHT deep well. They reported the use
of six other special additives. Often, it becomes impractical to
associate the mud in the borehole with any specific composition,11
as several additives are added at different times to adjust the mud
parameters, such as the density, rheology, shale inhibition character-
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istics, etc., to suit a specific drilling situation. In these circum­
stances, it is always advisable to collect several sets of P- p-T data
on a sample of mud from the borehole for the accurate estimation
of p- p-T effects on the static pressures.

From Figs. 5 through 7, it is observed that during tripping ESD
increases in the upper sections of the example well and decreases in
the lower sections. The extent of decrease at the bottom of the well
is different for different muds. There exists an intermediate depth
where the ESD remains unchanged at the end of the trip. In general,
water-based muds exhibited higher reductions in ESD while the two
oil-based muds prepared from diesel oil No.2 (Muds 7 and 8) exhib­
ited lower reductions when compared to the other muds of identical
initial mud weights. A maximum reduction in ESD of about 0.62
Ibm/gal or a loss ofstatic pressure of about 800 psi occurs in the case
of 18-lbm/gal water-based mud (Fig. 5). This is a significant varia­
tion. Its magnitude and direction are similar to that ofswab pressure.
If it is not recognized and mud weight is not compensated adequate­
ly before tripping, it can lead to underbalance conditions. A mini­
mum reduction of about 0.2 Ibm/gal in ESD occurs in the case of
Mud 7 (Fig. 7). From Table 3, it is observed for Mud 4, which is a
diesel oil No.2-based mud, the reduction in ESD is 0.27 Ibm/gal,
which is higher than that for Mud 7. As discussed in the previous
paragraph, though these muds are nearly identical in their composi­
tions, they exhibit different compressibility and thermal expansion
characteristics that are reflected on the static pressures exerted by
them. It is observed from Table 3 that the predicted values of ESD
from Eq. 23 are very close to that predicted by Eq. 14 for before-trip­
ping case. For these twelve cases, at depth of 25,000 ft, the average
error between the approximated values obtained from Eq. 23 and the
actual values given by Eq. 14 is estimated to be about 0.13%. There­
fore, it can be concluded that Eq. 14 represents ESD profiles fairly
accurately for cold wells.

For Mud 6 (Fig. 6), ESD values at the top and bottom of the well
are estimated to be equal in the thermal regime that exists after trip­
ping. For this case, the linear gradient estimated from Eq. 9 is
1.64°F/100 ft, which is comparable with the assumed value of
1.8°F1l00 ft. From Fig. 7, it may be observed that before tripping,
ESD values at the surface and at the bottom of the example well are
10.69 and 10.71 respectively, which suggest that the mud weights
remain nearly constant at all depths in the well. Thermal gradients
computed by linear approximation of Eq. 9 is 0.56°FIl00 ft, which
is nearly equal to the assumed gradient of 0.57°F/100 ft.

Reduction in static pressure during tripping indicates that the
quantity of mud in the borehole is decreasing. During this phase, if
the pipe is left undisturbed, the well expels a certain volume of mud
that will appear to be a pit gain. After the gain, if the circulation is
resumed at the same rate, then equal volume of mud is accommo­
dated back in the hole gradually, which will appear to be a partial
mud loss. For the above example well, these volumes are estimated
to be a few tens of barrels. If the well is shut in on gain, a pressure
buildup will be observed at the wellhead that is approximately equal
to the decrease in static pressure at the bottom in open condition. De­
tails of estimation of maximum gain, surface shut-in pressure, and
the rate at which they occur are given elsewhere. 12

Recommendation

The types and quantities of additives used in the preparation of mud
vary widely at different locations and sometimes at different stages
of the same well. Often, it becomes impractical to keep track of the
actual composition of the mud in the well as several additives are
added at different times to maintain desired mud parameters to suit
a specific drilling situation. In such circumstances, it is recom­
mended that several sets ofp- p-T data should be obtained on a sam­
ple ofmud from the well and the empirical constants ofEq. 6 should
be estimated such that the above analysis can be used with more con­
fidence in a given drilling situation.
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Conclusions

1. The empirical model given by Eq. 6 represents the p- p-T be­
havior of a majority of the muds for which the measured data are
available more accurately than the other models.

2. A priori prediction of whether mud weight increases or de­
creases with depth can be made with Eq. 9, which is the temperature
profile in the well that has constant mud weight at all depths.

3. Different oils available under the category of diesel oil No.2
that were used in the preparation of oil-based muds can exhibit dif­
ferent compressibility and thermal expansion characteristics, which
are reflected in the p- p-Tbehavior of the muds prepared with them.

4. Static pressure variations can be estimated accurately using
Eq. 13. ESD parameter as defined by Eq. 14, which incorporates the
mud p- p-T behavior, pressure and temperature of mud at the sur­
face, thermal gradient, and depth of the well, can be used in place
ofnormally used mud weight term to have a better understanding of
several critical drilling situations.

5. Simple relationship given by Eq. 23 predicts ESD profiles in
cold wells fairly accurately.

6. During high-temperature deep well drilling, a reduction in
ESD occurs at the bottom of the well during tripping. The extent of
reduction depends on the type ofmud in the well. In some cases, the
reduction is significant enough and may require appropriate correc­
tive measures before tripping.
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Nomenclature

a = dimensionless constant defined in Eq. 17

D = depth, L, ft

DD 1,DD2 = dimensionless depth defined in Eqs. 18 and 22
erf= error function defined in Eq. 21

ESD= equivalent static density defined by Eq. 14

F(D) = functions defined in Eqs. 16 and 20
gr = thermal gradient, TIL, °FIlOO ft

k = integer variable

N = number of data points
p = pressure, mlLt2, psia
T= temperature, T, OF

u = dummy variable
\f= fractional volume of liquid phase
a = empirical constant, psi-l

f3 = empirical constant, °F-I

y = empirical constant, op-2

p = density, mlL3, Ibm/gal

Subscripts
h = hydrocarbon
m= mud
se = static, equivalent
w= water

o= at standard conditions

1= at any pressure PI and temperature TI
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51 Metric Conversion Factors

bbi x 1.589 873 E - 01 = m3

ft x 3.048* E-Ol =m
OF CF-32)/1.8 = °C

gal x 3.785 412 E-03 =m3

in. x2.54* E+OO =cm
Ibm x 4.535 924 E.-Ol =kg
psi x 6.894 757 E +00 = kPa

'Conversion factor is exact. SPEDC
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