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ABSTRACT

It is shown that in deep and super deep wells the
temperature of the drilling fluid (at a given depth)
depends on the current vertical depth, on drilling
technology (flow rate, well design, fluid properties,
penetration rate, etc.), geothermal gradient and
thermal properties of the formation. It is
demonstrated that minimum field data: records of
stabilized outlet mud temperature, several values of
bottom-hole mud temperature measured while
drilling (MWD) are needed to construct an empirical
equation which approximates the downhole
temperature profile during drilling. An anaytica
equation is presented which describes recovery of the
thermal equilibrium when the temperature of drilling
fluid (at a given depth) is a linear function of time.
Calculations of shut-in temperatures for two field
examples are also presented.

INTRODUCTION

The modelling of primary oil production and design
of enhanced oil recovery operations, well log
interpretation, well drilling and completion
operations, and evaluation of geotherma energy
resources require knowledge of the undisturbed
reservoir temperature. Temperature measurements in
wells are mainly used to determine the temperature of
the Earth's interior. The drilling process, however,
greatly aters the temperature of the reservoir
immediately surrounding the well. The temperature
change is affected by the duration of drilling fluid
circulation, the temperature difference between the
reservoir and the drilling fluid, the well radius, the
thermal diffusivity of the formations, and the drilling
technology used. Given these factors, the exact
determination of reservoir temperature at any depth
requires a certain length of time in which the well is
not in operation. In theory, this shut-in time is
infinitely long. There is, however, a practical limit to

the time required for the difference in temperature
between the well wall and surrounding reservoir to
become a specified small value.

The results of field and analytical investigations have
shown that in many cases the effective temperature
(Ty) of the circulating fluid (mud) at a given depth
can be assumed constant during drilling or production
(Lachenbruch and Brewer, 1959; Ramey, 1962;
Edwardson et al., 1962; Jaeger, 1961; Kutasov et al.,
1966; Raymond, 1969). Here we should to note that
even for a continuous mud circulation process the
wellbore temperature is dependent on the current well
depth and other factors. The term “effective fluid
temperature” is used to describe the temperature
disturbance of formations while drilling. In their
classical work Lachenbruch and Brewer (1959) have
shown that the wellbore shut-in temperature mainly
depends on the amount of thermal energy transferred
to (or from) formations. While drilling deep sections
of super deep wells, the penetration rates become
small and the time of thermal disturbance increases.
Below it will be shown that in deep wells the mud
circulation temperature can be approximated as a
linear time function. The objective of this paper is
twofold: (a) to demonstrate how temperature
measurements while drilling (MWD) can be utilized
to determine the downhole drilling mud temperature
profile, and, (b) how the MWD data can be used in
estimation of the transient shut-in temperatures.

EMPIRICAL EQUATION

The temperature surveys in many deep wells have
shown that both the outlet drilling fluid temperature
and the bottom-hole  temperature  varies
monotonically with the vertical depth (Fig. 1).
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Figure 1. Well 12-PXC, Savropol district, Russia
(Proselkov, 1975). 1 - Geothermal curve, 2 -
Circulating bottom-hole temperature, 3 -
Outlet drilling mud temperature, 4 - Inlet
drilling mud temperature

It was suggested (Kuliev et a., 1968) that the
stabilized circulating fluid temperature in the annulus
(T, at any point can be expressed as

Tm= A+ Ath+ AH, h < H, (1)

where the values A,, A;, and A, are constants for a
given area, h is the current vertical depthand H is
the total vertical depth of the well (the position of the
bottom of the drill pipe at fluid circulation). The
values of A,, A;, and A, are dependent on drilling
technology (flow rate, well design, fluid properties,
penetration rate, etc.), geothermal gradient and
thermal properties of the formation. It is assumed
that, for the given area, the above mentioned
parameters vary within narrow limits. In order to
obtain the values of A, A;, and A, the records of the
outlet fluid (mud) temperature (at h = 0) and results
of downhole temperature surveys are needed. In
Formula 1 the value of T, is the stabilized downhole
circulating temperature. The time of the downhole
temperature stabilization (t) can be estimated from
the routinely recorded outlet mud temperature logs
(Kutasov et a., 1988; Kutasov, 1999).

Eqg. (1) was verified (Kutasov et al., 1988) with more
than 10 deep wells, including two offshore wells, and
the results were satisfactory ones. Here we are
presenting two examples of applying Eqg. (1) for

prediction downhole circulating temperatures. It will
be shown that only a minimum of field data is needed
to use this empirical method.

Mississippi well

The results of field temperature surveys and
additional data (Table 1) were taken from the paper
of Wooley et al. (1984). Three measurements of
stabilized bottom-hole circulating temperatures and
three values of stabilized outlet mud temperatures
were run in a multiple regression analysis computer
program and the coefficients of the empirical
Formula (1) were obtained

A, = 32.68°C, A= 0.01685°C/m,
A, = 0.003148°C/m.

Thus, the eguation for the downhole circulating
temperatureis

To= 32.68 + 0.01685h + 0.003148H. @)

Table 1: Measured (T,*) and predicted (T,,) values
of wellbore circulating temperature
(Kutasov, 1999)

hhm | Hm | T,°C| T,,°C | T.*-

Mississippi well
4900 | 4900 | 129.4 | 130.7 | -1.3
6534 | 6534 | 162.8 | 1634 | -06
7214 | 7214 | 1783 | 1770 | 1.3
0|4900 | 500 | 481 | 1.9
0|653 | 517 | 532 | -15
0| 7214 | 556 554 | 0.2

Webb County, Texas
2805 | 2805 70.6 716 | -1.0
3048 | 3048 78.3 77.3 1.0
3449 | 3449 86.7 86.7 0.0
0 | 2805 53.3 538 | -05
0 | 3048 60.0 57.9 21
0| 3261 60.0 61.6 | -1.6

Webb County, Texas

The temperature measurements (Table 1) in this
location were obtained from the paper of Venditto
and George (1984). It was not known whether these
measurements were taken in a single well or in the
wells in the same area. But since this empirical
method can be applied to an entire areaas well asto a
single well, the data points were used simultaneously
to calculate the coefficients in formula (1). By using
the multiple regression analysis computer program
was obtained,

A,=5.69°C, A;=0.00636°C/m,




A,= 0.01714°C/m.

Thus, the equation for the downhole circulating
temperatureis

Tm= 5.69 + 0.00636h + 0.01714 H. (3

In Table 1 the measured and predicted values of
bottom-hole and outlet circulating temperatures are
compared and the agreement is seen to be good in
both cases. The significant difference in values of A,
A;, and A, for the Mississippi and the Texas wells
indicates that these coefficients are valid only within
agiven area.

Let us assume that for the well section (H — h) the
penetration rate is constant (u).

Then H = h + ut and taking into account Eq. (1):

T.,=A +Ah+ A (h+ut)
or
T,=B,+Bt, B,=A +h(A.+A), B=Au 4

Introducing the dimensionless circulation time (tp)
we obtain

CUMULATIVE HEAT FLOW

Constant drilling mud temperature

As we mentioned earlier, the wellbore shut-in
temperature mainly depends on the amount of
thermal energy transferred to (or from) formations
(Lachenbruch and Brewer, 1959). It is known that the
cumulative heat flow from the wellbore per unit of
length is given by:

szxpcprﬁ(Tw_Tf bD(tD)' (6)

where T,=T,, is thee temperature of the drilling fluid
(at a given depth), p is the density of formations, c is
the specific heat of formations, r,, is the well radius,
and Qp is the dimensionless cumulative heat flow.
The time dependent function Qp can be can be
obtained from the integral

to
Qo = | o (to)dlto, ™
0

where gp is the dimensionless heat flow rate. We
found (Kutasov, 1987) that the dimensionless heat
flow rate can be approximated by a semi-analytica
equation:

1
= : (8)
= Dy, )

1
D=d+ vd="b=— 2% b—49580.
Ji, +b 2 N

9)

The dimensionless flow rate (gp) can be aso
determined by using the empirical Eq. (10) (Chiu
and Thakur, 1991):

1
= ,c,=0982,c,=1.81. (10
%o ¢, Infl+c,4/ty “ ’

Commercially available software Maple 7 (Waterloo
Maple, 2001) was utilized to compute the integral
Qp, where the function qp is given by Eq. (10). It was
found that

Ei(L-2.u) — Ei(L,—1.u) — 0.69315
cC; ’

QD(tD) =-2
u=In(L.+ ¢4/t ),

(11)

where -Ei(1, -x) = Ei(+x) is the exponential integral
of a positive argument. In Table 2 the values of Qp
computed by two numerical integration methods are
compared. The agreement between values of Qp
calculated by these two methods is seen to be good.

Table 2: Comparison of values of dimensionless
cumulative heat flow rate for a well with
constant bore-face temperature. Qp* — (Van

Everdingen and Hurst, 1949); Qp — Eq. (11)
[5) Qo* Q

2 0.2447E+01 0.2448E+01
3 0.3202E+01 0.3204E+01
5 0.4539E+01 0.4540E+01
10 0.7411E+01 0.7411E+01
20 0.1232E+02 0.1233E+02
50 0.2486E+02 0.2485E+02
100 0.4313E+02 0.4302E+02
200 0.7579E+02 0.7555E+02
500 0.1627E+03 0.1606E+03
1000 0.2935E+03 0.2922E+03
2000 0.5341E+03 0.5317E+03
5000 0.1192E+04 0.1187E+04
10000 0.2204E+04 0.2195E+04
20000 0.4096E+04 0.4083E+04
50000 0.9363E+04 0.9342E+04
100000 0.1759E+05 0.1756E+05




DRILLING MUD TEMPERATURE ASLINEAR
TIME FUNCTION

When the drilling mud temperature can be
approximated by a linear function (Eq. 4) the
Duhamel integral can be used

Qo = [T (D)4 o - DA (12)
0 D

where

T, = -_II___m =(1+bty), T,(4)=1+b4,

(o)
and Qp is the dimensionless cumulative heat flow
rate for a well with constant bore-face temperature.
Utilization of Eq. (11) does not allow the integration
of Duhamel Integral. For this reason we used the a
simple function (Eq. (13))

Qp = Alp (13)

to approximate the results of a numerical solution
(Van Everdingen and Hurst, 1949). A linear
regression program was used to compute the
coefficients A and ¢ (Table 3).

Table 3: Coefficientsc and A

to Number c A R, %

of points
5-100 22 0.75361 | 1.3088 | 0.68
100-400 15 0.82297 | 0.97022 | 0.05
400-1000 25 0.85013 | 0.82569 | 0.01
1000-1500 21 0.86236 | 0.75935 | 0.00
1500-2000 11 0.86735 | 0.73392 | 0.04
2000-3000 21 0.87274 | 0.70274 | 0.01
3000-5000 41 0.88213 | 0.646075 | 0.01

For tp > 100 with R = AQ/Q <1.5% the values of
coefficients ¢ and a can be approximated by the

following expressions:

c=0.028704Int, + 0.65297, 1)
b=-0.148Int, +1.837.
Now theintegral (Eg. (12)) can be evaluated
c bt
QDt = AtD[1+ th - ], c<1l. (15

@—D&+D

RADIUSOF THERMAL INFLUENCE

In theory the drilling process affects the temperature
field of formations at very long radial distances.
Thereis, however, apractical limit to the distance —

the radius of therma influence (r;,), where for a
given circulation period (t = t.) the temperature

T(rin,, to) is practicaly equal to the geothermal
temperature T;. To avoid uncertainty, however, it is
essential that the parameter rj, must not to be
dependent on the temperature difference T(r;y, to) — Ts.
For this reason we used the thermal balance method
to calculate the radius of thermal influence.

The results of modeling, experimental works, and
field observations have shown the temperature
distribution around the wellbore during drilling can
be approximated by the following relation (Kutasov,
1968; Kutasov, 1976):

T,H-T, _, Inr/y,

T, - T; _Inrm/rw

Introducing the dimensionless values of circulation
time, radial distance, radius of thermal influence, and
temperature

Ty <T<rL,. (16)

at r T T(r)-T;
ty = 2, fp ==, Ry =", Tp(rptp) = ————
D rvs b r Rin [, o(rpstp) T T,

7

we obtain
Inr, 18
TD(rD,tD):l—In A<, <R, (18)

in
The dimensionless cumulative heat flow per unit of
length is given by:

ty Rp
Qo= qu dt, = jTD(rD,tD)rD dry,. (19)
o 1

The last integral is evaluated by using the table for
the following integral (Gradshtein and Ryzhik, 1965):

n+l
Ix“ Inx dx = X (Inx—ij,

n+1 n+1
at Br’ 0
T =B (@+bt)), t,=—=, b=—"%,
m o( D) D rvi Boa
From Egs. (18) — (20) we obtain
Ri-1_1
Qo= == (21)

~4InR, 2’
By equating values of Qp; and Qp (Egs. (15) and
(21)) we obtain a function R, = f(tp) which can be
used to determine the dimensionless radius of thermal
influence

bt ]ZERZn—Zm(Rn)—l_ (22)

At[1+ bty —
(c-D(c+1)" 4 In(R,)




SHUT-IN TEMPERATURE

Thus, for the moment of timet = t, the temperature
distribution in and around the wellbore is

T =Tn=B,+Bt;, 0<rp <1,

T(t.,r), 1<rp <R, ;- ()

T, b >R,
For the temperature distribution (Eg. (23)) we
obtained the following formula for the wellbore shut-
in temperature T (Kutasov, 1999):

Ts(tsvo) - Bo — Bltc — Ei[_ p(R|n)2] —Ei ('p) (24)
Tf _Bo_Bltc ZInRin 1

1 t,
pzi,n:—,

ant, t. .(25)
— Z(Ts B Bo - Bltc) In Rn B
T Bl p(RY]-E (p) e tBe

Hence, when the values of B, and B; are known, only
one value of shut-in temperature (T is needed to
determine the undisturbed formation temperature (Ty).
The derivation of Eq. (24) assumes that the difference
in thermal properties of drilling mud and formations
can be neglected. Although this is a conventional
assumption even for interpreting bottom-hole
temperature surveys (Timko and Fertl, 1972; Dowdle
and Cobb, 1975), when the circulation periods are
small, Eq. (24) should be used with caution for very
small shut-in times.

FEILD EXAMPLES

Mississippi well (Wooley et al., 1984)

50 days were spent to drill the 6,534 — 7, 214 m
section of this well. Thus the average penetration was
u = 0.566 m/hr and the values of B; and B, were
estimated (see Eq. 4):

B, =0.001783°C/hr, B, =163.6 °C.

The undisturbed temperature of formations at h =
6,534 mis T = 187.8 °C, the well radiusr,, = 0.0984
m, and the coefficient of thermal diffusivity a =
0.0040 mé/hr (assumed). The average temperature of
the drilling mud at this depth is T; = 163.6 °C (Eq. 2).
The radius of thermal influence was computed from
Eq. (22).

Webb County, Texas. Well #30 (Venditto and
George (1984)

The total vertical depth is 10,000 ft. For comparison
purposes we will assume that while drilling the 8,000
— 10,000 ft section of the well the average penetration
was u = 0.566 m/hr, and r,, = 0.0984m, a = 0.0040
m?/hr. In this case t, =1,077 hrs.

The values of B, and B, were estimated (see Eq. (4)):

B, =0.009701°C/Hr, B, =63.0 °C.

The undisturbed temperature of formations at h = 8,
000 ft mis T; = 91.6°C. The average temperature of
the drilling mud at this depth is T; = 68.2 °C (Eg.
(3)). The radius of thermal influence was computed
from Eq. (22).

In Table 4 we present results of calculations after Eq.
(24) values of AT = T; — Ts. We aso consider the
case when the average temperature of the drilling
mud (during the circulation period) is used at
calculations of AT. For the Well # 30 we present
results of calculations when the penetration rate was
increased in three times (u = 1.7 m/hr). In this case t;
=359 hrs and B, = 0.02971 °C/hr (Table 4).

From the last Table follows that for large shut-in
times the average drilling mud temperature (case
when B; = 0) can be used to estimate the function AT

= f(ts)

CONCLUSIONS

It is demonstrated that in deep wells a smple
empirical  formula approximates the downhole
temperature profile during drilling. It is shown that
this formula can be combined with an analytical
solution and then only one shut-in temperature log is
required to estimate the undisturbed (static)
formation temperature.
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Table 4: Values of AT = T; —Tat two depths for two wells

Mississippi well, Webb County wall, T, = 91.60 °C, h = 2,003 m
.= 1200rs, h=6,534m L=1077hrs =350 s
= 0 = c= c= )
Ti =187.8 °C, u=0.566 m/hr U = 0.566m/hr u =170 mihr
Lhs| R.=526 | R.=5034 | R,=6009 | R.=47.91 | R.=3846 | R,=2841
B,=1636°C | B,=1647 | B.=63°C | B=68.2°C, | B.=63°C | B,=68.2°C
B,=001783 | °C,B=0 | B=00097 | B,=0 | B,=00291 | B,=0
°Clhr °Clhr °Clhr

10 15.68 16.36 13.08 16.48 12.46 15.40
20 13.83 14.40 11.61 14.48 10.81 13.08
30 12.72 13.24 10.74 13.28 0.83 11.70
50 11.32 11.76 9.62 11.76 8.58 9.94
70 10.39 10.77 8.88 10.75 7.75 8.78
100 9.40 9.73 8.10 9.68 6.87 7.55
120 8.89 9.20 7.70 9.14 6.42 6.92
150 8.27 8.54 721 8.46 5.87 6.16
200 7.47 7.70 6.57 7.60 5.16 5.22
300 6.35 6.51 5.67 6.38 418 4.00
500 4.95 5.04 455 4.88 3.04 2.73
600 4.47 453 415 438 2.68 2.35
800 3.74 378 354 3.63 216 185
1000 3.22 3.24 3.00 3.00 181 152
1200 2.82 2.84 2.75 2.70 156 129




