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of the reservoir permeability and the well’s skin factor; since previously an isothermical system was

assumed without taking info account a moving temperature front which expands with time plus the
consequent changes in both viscosity and mobility between the cold and the hot zone of the reservoir which
leads to unreliable estimation of the reservoir and well parameters.

The analysis of injection tests under nonisothermic conditions is important for the accurate estimation

To construct the solution an analytical approach presented by Boughrara and Peres (2007) was used. That
solution was initially introduced for the calculation of the injection pressure in an isothermic system. It was
later modified by Boughrara and Reynolds (2007) to consider a system with variable temperature in vertical
wells. In this work, the pressure response was obtained by numerical solution of the anisothermical model
using the Gauss Quadrature method to solve the integrals, and assuming that both injection and reservoir
temperatures were kept constant during the injection process and the water saturation is uniform throughout
the reservoir.

For interpretation purposes, a technique based upon the unique features of the pressure and pressure deriva-
tive curves were used without employing type-curve matching (TDS technique). The formulation was verified
by its application to field and synthetic examples. As expected, increasing reservoir temperature causes a
decrement in the mobility ratio, then estimation of reservoir permeability is some less accurate from the
second radial flow, especially, as the mobility ratio increases.

Keywords: permeability, radial flow, anisothermical flow, mobility, injection front.
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I andlisis de pruebas de inyeccion en condiciones no isotérmicas es importante para la determinacién

correcta de la permeabilidad de la formacién y el factor de dafo del pozo, ya que anteriormente

se asumia un sistema isotérmico, sin tener en cuenta un frente de temperatura que se expande con
el tiempo con los consecuentes cambios de viscosidad y movilidad entre la zona fria y la zona caliente del
yacimiento, incurriendo en la estimacién de resultados no confiables de los pardmetros del yacimiento y
el pozo.

Para construir la solucién se utilizé la aproximacién analitica presentada inicialmente por Boughrara y
Peres (2007) para el célculo de la presién de inyeccién en un sistema isotérmico vy, luego, modificada, por
Boughrara y Reynolds (2007) para un sistema con temperatura variable en pozos verticales. La respuesta de
presion se obtuvo mediante la solucién numérica del modelo anisotérmico utilizando el método de Cuadra-
tura Gaussiana en la resolucién de integrales, teniendo en cuenta que las temperaturas de inyeccién y del
yacimiento se mantienen constantes a lo largo del tiempo, y que la saturacién de agua es uniforme a través
del yacimiento.

Para efectos de interpretacion se formulé una técnica basada en las caracteristicas Unicas halladas en la curva
de presidn y derivada de presién sin emplear curvas tipo (Técnica TDS). Se realizaron ejemplos sintéticos y
de campo para efectos de verificaciéon de la formulacién presentada. Como era de esperarse, al aumentar
la temperatura del yacimiento se reduce la relaciéon de movilidades, lo que ocasiona un poco menos de
exactitud al estimar la permeabilidad del segundo flujo radial.

Palabras Clave: permeabilidad, flujo radial, flujo anisotérmico, movilidad, frente de inyeccién.
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PRESSURE AND PRESSURE DERIVATIVE ANALYSIS FOR INJECTION TESTS WITH VARIABLE TEMPERATURE

NOMENCLATURE
c, Oil compressibility, psi”
c, Water compressibility, psi’
c, Rock compressibility, psi’
c Total compressibility, psi”
c, Total compressibility at S, , psi”
h Formation thickness, ft
1 Cumulative injection, STB
k Formation permeability, md
k., Relative oil permeability
k., Relative water permeability
M Mobility ratio
0., Injectionrate, BPD
r Radius, ft
r, Reservoirradius, ft
v Distance to the flooding front, ft
v, Distance to the thermal front, ft
S, Irreducible water saturation
t Time, hr

t*AP'"  Logarithmic pressure derivative, psi
t,*P,' Dimensionless logarithmic pressure derivative
Temperatura original del yacimiento, °F

oi

T, Temperatura de inyeccion, °F
p,c,  Oilheatcapacity, BTU/ft'/°F
p«cx  Rockheat capacity, BTU/ft/°F

p.c,  Waterheatcapacity, BTU/ft’/°F
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GREEK SYMBOLS

Change
Porosity, fraction
Mobility, cp’

> > o >

. Oilend-point mobility atirreducible water

saturation and inicial temperature

u Viscosity, cp

SUBINDEXES

D Dimensionless
i Initial

0 Oil

t Total

w Water

wf Well flowing

INTRODUCTION

Heat transfer has to take place when there exist tem-
perature differences inside a medium. When cold water
is injected into a hot reservoir, the formation surrounding
the well cools down to reach the level of the injected
water temperature. The heat exchange in the reservoir
mainly occurs by both convection between injected fluid
and matrix, and conduction.

Platenkamp (1985) showed the importance of heat
transfer when cold water is injected in a reservoir
containing hot oil. He concluded that heat transfer by
conduction is negligible compared to that by convection
during an injection period as long as the test duration do
not be so long and injection rate be sufficiently high.

In an injection test, the well is shut-in until the
pressure reaches stabilization at the initial reservoir

pressure. Then, injection starts at a rate, Qinj, while the

86

well-flowing pressure is recorded as time goes on. For an
accurate injection test interpretation, the anisothermical
effects of the moving thermal front and the distance to
it has to be considered.

MATHEMATICAL MODEL

Dimensionless quantities

The dimensionless variables are defined in terms of
oil properties at the irreducible water saturation, S . The
dimensionless variables are defined by Boughrara and
Peres (2007) in Equation 1:

_ k}cohh(P(r; t)-F)

B(r,1) )
%
1412% 0,
Where Equations 2, 3 and 4:
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% — kro (Swi) (2)
g uo (T;)z)
_r
p=t ®
. 0,0002637kk0h t @
(p c tow
Where Equation 5:
C, _CWSM +Co (I—SW[)-FCF (5)

Radial flow solution

Boughrara and Reynolds (2007) provided a solution
which considers constant rate injection, Qinj, of cold
water at a temperature T . in a vertical well drilled in
a homogeneous reservoir with an initial temperature
initial T . It was also assumed that the initial satura-
tion distribution is constant and equal to the irreducible
water saturation, S ., and fluids viscosities are only a
function of temperature. The temperature distribution
can be approximated to:

r<r(t)
oz rer (t)

Where r.(1) is the radial position of the temperature
front which is calculated by an expression provided by
Benson and Bodvarsson (1986) who studied the aniso-
thermical effects and built a numerical model for the
estimation of permeability and skin factor in injection
tests, Equation 6:

T(rt) {

pMcI

. (6)

r. =237
Pr CTth

Platenkamp (1985) derive an Equation to estimate
the position of the moving front Equation 7:

?’fl

. 0(p,c,S, +p,c,(1=5)+(1-0)p,c, @
' 0p,¢,S,
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Using the assumption that both the water front and
the temperature front fall inside a “steady state region”
so that total rate is equal to injection rate, Qinj, and
following a procedure similar to the one presented by
Boughrara and Reynolds (2007), a modified analytical
solution for cold water injection in a hot oil reservoir
drained by a vertical well is presented here as Equa-

tion 8:

141 2

=P, (1)- P_

k(r)

14132Qinj J'r/ ) ch \) d”' + (8)
WG s\ h, () }rE(r)
1M2Q3r@ 1) dr
h { 7\‘tc (I",l‘) 7\‘th (I’,l‘)JV];(I”)
Where Equations 9, 10 and 11:
~ R 9)
9 sz[exp[ (L0010548kkwt]]
¢, =c,S,+c,(1-8,)+c, (10)

/_c =3[k k k., for r, <r, <r, (1)

=}/kk k. forr, <r,

k()=

Due to the fact that the system is subjected to two
different temperatures, A, represents the total mobility
estimated at T, and valid for r <r_, while A represents
the total mobility calculated at, T, which is valid for

r>r. These are defined by Equations 12 and 13:
EACH ) (12)
@) @)
k. (S k. (S
}\lth —_ ro ( ) rw ( W') (13)
0 @) w1
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The end-point oil mobility evaluated at water injec-
tion temperature is defined as Equation 14:

-0 ay

Similarly, the terminal water mobility evaluated at
T and T . is given by Equations 15 and 16 :

~  k,(1-=-S,
)\,wh — rw ( m) (15)

l"l‘w (7—:‘1 )

- k (1-S
}\, — W ( ar) (16)

o (T)

Variable G introduced in this work depends upon the
end-point mobility ratio. This term has been introduced
in the second integral of the pressure transient model,
Equation 8, to appropriately account for the tempera-
ture variations. It is defined as follows in Equations 17
and 18:

G- }\‘ch M>1 (17)
LM<l

M=t (19)
A

The pressure behavior obtained from the application
of Equation 8 are reported in Figures 1 and 2. In both
cases is observed that as the mobility ratio increases
due to temperature effects the pressure derivative in the
second plateau also increases its value and the moving
front position gets closer. Notice in Figures 1 and 2
that as M is much larger than one, the first radial flow
is shorter.
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Figure 1. Dimensionless pressure derivative for M = 1
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tD

Figure 2. Dimensionless pressure derivative for M < 1

INTERPRETATION METHODOLOGY

The way the interpretation Equations are formulated
follows the philosophy of the Tiab’s Direct Synthesis
Technique (TDS Technique), introduced by Tiab (1995).
As observed in Figures 1 and 2, the pressure derivatives
during the radial flow regimes are, respectively, given
by Equations 19 and 20:

(t,*B), =05 (19)

(1,*P)) ,=0,5(M +1) (20)

CT&F - Ciencia, Tecnologia y Futuro - Vol. 3 Num. 4 Dic. 2008
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Alter plugging the dimensionless quantities in the
above expressions, it yields, respectively in Equations
21 and 22:

70,60, )

- hi,, (t*AP)

70,60, (M +1)
hk,, (t¥AP),

we

(22)

By analogy with the procedure presented by Tiab
(1995), the skin factor formulae are Equations 23 and
24:

1{( AP kXt
§=— —In| —=-
ZL t*AP' |, oc,r

to"w

+7 ,43] (23)

N | =

oc, r

fo"w

5= ( AP ) | Kl +7,43] (24)
r2

EXAMPLES

Field example

It is required to estimate permeability and skin
factor from a field example provided by Boughrara
and Reynolds (2007). Figure 3 presents the pressure
and pressure derivative data for an injection test in a hot
reservoir at a temperature of 180°F when p (T ) =1,553
cp. The following are some other relevant data:

P. = 3922 psi Q,, = 3000 BPD

h =50 ft r, =035ft

r.= 2000 ft 0 =032

S,=0.5 S, =025

k =270 md u, (T,)=8261cp

u, (T)=0749cp  k_(S,) =056

k. (S,)=0,18 t =24hr

T, = 95°F

CT&F - Ciencia, Tecnologia y Futuro - Vol. 3 Ndm. 4 Dic. 2008
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Figure 3. Pressure derivative for the field example using T,=95°F

Solution

The following information is read from Figure 3:

(t*AP),=43psi  ¢,=0,00l hr  (AP),=204 psi

(t*AP),= 105 psi t,=5hr (AP).,= 901 psi

For the first radial flow, using Equations 14 and 21:

- k,(S,) 0,56

- = =0,361cp’
“ (1) 1553 v

70,60,,  70,6(3000)

S - = 272,88 md
R, (AP ), 50(0,361)(43)

Skin factor is obtained from Equation 23:

1](204 272,88(0,361)(0,001)
s=—|| — |-In ~ = |+
21( 43 0,32(1,234x107)0,35

rl

7,43:| =-0,025

For the second radial flow, using Equation 15 and
22, it is obtained:
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$ K (=5,)_ 018 _
W, (T,) 0,749

0,24 cp’'

wc

and M = 0,666, then,

L 70.60,, (M +1) _ 70,6(3000)
W, (t*AP)  50(0,24)105

wc

(1+0,666) =280,05 md

Skin factor is obtained from Equation 24:

1](901
s=—||l— |-In
2|:(105 12

+ 7,43:| =-2,38

280,05(0,361)(5)
0,32(1,234x107°)(0,35%)

As we see permeability results agree with the value
reported by Boughrara and Reynolds (2007). Simulation

runs were also performed for other four temperatures.
Although, the pressure and pressure derivative plots are
not shown here, the results for these cases are reported
in Tables 1 and 2.

Synthetic example

The pressure and pressure derivative shown in Figure
4 were simulated in this study with the information given
below. Estimate reservoir permeability and skin factor
for p (T,) = 3,661 cp.

P, = 4000 psi Q,, = 2500 BPD

h =70 ft r,=0,35 fi
r,=2000 ft ?=0,22

s, =0.,5 S, =0,25

k=300 md u, (T,) = 27,601 cp

k, (S,) = 0,56
k. (S,)=0,18
T, =80°F

u, (T.)=0,891cp
t,=50 hr

Table 1. Summary of results for the field example for the field example for the first radial flow

T.F  Macp X, ,cp' ti, hr AP, psi (FAP),, psi k, md s
140 2,659 0,211 0,001 325 74 271,29 0,070
150 2,266 0,247 0,001 283 64 267,97 0,013
160 1,969 0,284 0,001 250 55 271,19 -0,001
170 1,737 0,322 0,001 225 49 268,48 -0,036
180 1,553 0,361 0,001 204 43 272,89 -0,025

Table 2. Summary of results for the field example for the second radial flow ( X = 0,24Cp"”

T.i, °F M tg, hr AP, psi  (t*AP'),5, psi  k, md s
140 1,141 10 1379 132 286,28 1,53
150 0,973 7 1183 121 287,80 -1,77
160 0,845 2 933 113 288,18 -1,98
170 0,746 1 786 108 285,24 -2,18
180 0,666 5 901 105 280,05 -2,38
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Solution
The following parameters are read from Figure 4:

(t*AP"),=55psi  £,=0,001 hr  (AP), =263 psi
(t*AP"),=95psi .= Shr (t*AP") =931 psi
£ @] T
% 100 (’*APIM@ :

Bl@ Tshr

0.0001 0.001 0.01 0.1 1 10 100
t, hr

Figure 4. Pressure derivative for the synthetic example using Twi=80°F

For the first radial flow, using Equations 14 and 21,
values of X of 0,153 cp!' and a formation permeability of
299,64 md were obtained. The skin factor estimated with
Equation 23 was of 0,198. For the second radial flow
a value of X = 0,202 cp™' was estimated with Equation
15. Then, the mobility ratio, M, is equal to 1,32. Equa-
tion 22 allows us to estimate a reservoir permeability of
304,83 md and a skin factor of -1,56 is estimated with
Equation 24. Notice that the skin factor obtained from
the second derivative implies a stimulation caused by
the oil viscosity reduction.

CONCLUSIONS

e Anew formulation to estimate permeability and skin
factor in injection tests subjected to temperature
variation from the pressure and pressure derivative
plot using the TDS technique are presented and
successfully tested.

e The second integral in the pressure transient model
was modified to appropriately account for the tem-
perature variations.

CT&F - Ciencia, Tecnologia y Futuro - Vol. 3 Ndm. 4 Dic. 2008

e From the pressure and pressure derivative plot, it is
observed that increasing the reservoir temperature
while keeping constant the injection temperature
causes a reduction in the mobility ratio, injection
pressure and pressure derivative, as well. A reduc-
tion of the mobility ratio causes a more significant
change in pressure derivative when the distance from
the well to the moving temperature front are much
higher than the well radius.

e Estimation of reservoir permeability and skin factor
is more accurate from the first radial flow. Accuracy
from the second radial flow decreases as mobility
ratio increases.
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