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Abstract

Several methods of accelerating oil flow by applying
heat from the wellbore to the reservoir have been suceess-
Ffully field tested. However, it appears that the pogsibility
of heating by high-frequency radiation hes not been er-
te:iel.sive!y investigated, either theoretically or experimen-
tally.

The concepts involved are discussed, and a mathematicel
model iz developed in order to evaluate the temperature
distributions and other physical effects resulting from the
radiation of electromagnetic emergy into an oil reservoir.
Flow performance is compared to the unheated case on
the bagis of a steady-state temperature distribution, which
is derived. The results of @ pre-steady-state transient flow
condition are also presented.

Calcuintions based on the mathematicel model developed
indicate that further work is warranted to prove or dis-
prove the feasibility of thia method of stimulation. A brief
d;'.s&uga-ion of completion and engineering problems 4s in-
cluded.

Introduction

FROM TIME TO TIME, the technical literature has made
reference to heat stimulation by the radiation of elec-
tromagnetic energy from the wellbore. A Russian pa-
per'” touched on one aspect of the subject, and com-
pared electromagnetic and contact heating for a shut-
in well, using 2 spherically symmetric model. The pos-
sibilities of concurrent flow and power input were not
discussed. ’

It should be emphasized that this paper deals not
with conduction or induction, but true radiation, as
exemplified by the output of 2 short-wave radio sta-
tion. In the broadest terms, electromagnetic effects
are exhibited from the lowest ifrequencies (e.g. 60
cycle and lower) to the very highest (X-rays, gamma
radiation, etc.). For the practical purpose of well-
bore heating, however, the following discussion ghould
be viewed in terms of those frequencies at which high
power can be generated on a continuous basis. At
the present, this includes frequencies up to ahout
20000 megacycles per second. Figure 1 shows schema-
tically the mode of operation envisioned for radiation
heating.
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Theory

THE TEMPERATURE DISTRIBUTION
Power Absorption and the Heat Balance

For a linear homogeneous conducting medium,
plane radiation propagating in the +x direction will
be absorbed according to the following relationship:

dd (x)
dx

where &(x)
X

= =a®X)... ... (1

power density (watts/em?)
position coordinate (cm)
power absorption ceefficient (1/cm).

a

The power absorption ccefficient {a) depends on
the properties of the abrsorbing medium in the follow-
ing manner [2]:

a = 02g,

wire T 2 <l
@l = —2“{(1+ [ ma] ) —1}..... 2

where «, electric field absorption coefficient (1/meter)
conductivity (mho/meter)

permeability (H/meter)

permittivity (F/meter)

angular frequency (2 = X [requency).

As is usual in the treatment of wellbore phenomena,

radial symmetry will be assumed, and Equation 1 then
becomes

and
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FIGURE 1 — Posslble configuratton of high-frequency heating
system.
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If we define P (r) as the total power radiated across
the radius r, then for a eylinder of height h,

Pr) = 2arh @ (00 o0 o oo e 4

Differentiating Equation 4 by r and using Equation
3 then gives

PO e o
which has the solution
P(r) = Poe ") . &)

If r, is the wellbore radius, then P. = P({r.) is the
total power radiated (watts). Therefore, the ecylin-
drical element (r,r+dr)} will gain in heat content at
the rate

a9 _
dt rulializn -

If it assumed that concurrent with the radiation
absorption there is radial oil flow at the rate of dm./dt
grams/second toward the wellbore, then the heat in-
put by convection will be

z P(r) dr

418

(calfsecond)..... .. (D

(F;%) - = 5 SR TE - Tir + )] B

ron¥acilon
where
S, = specific heat of oil {cal/gm/°C}

The term T(r) in Equation 8 is due to oil moving
out of the element (r,r+dr) at the temperature T (r).
and the term T (r+dr) is due to oil moving into this
elemental volume at the temperature T (r+dr). From
the definition of the derivative, we nofe that

T(r) — T +dry = — (-—?l) dro........ ... (9
ar
dm
Because: = = R
a ~ -9
where
7o = O0il density {gm,cc)
g = flow rate (cc/sec)

then Equation B can be rewritten

4Q _ aT
( de ) :unv:ul.iun_ fe e & ( or ) dro....... (10)
Finally, the radial temperature distribution, as-

suming cylindrical symmetry, will result in 2 eonduc-
tion term

dQ - 2K 2 2L
(—Et—) :mdu:unn_ 2=hK ar (l" ar )dr .......

where X = total heat conductivity (eal/sec/°C/cm)

The sum of the radiation, convection and conduction
terms given by Equations 7, 10 and 11 therefore gives
the net heat input rate inte the eylindrical element

(r, T + dr):

dg _ Jz Pl aT
(_dt") T { 71z T el Se ( ar )
aT
A )} de. ... ... ... L.

The net heat input given by Equation 12 therefore
determines the temperature change in the cylindrical
clement (r, r 4+ dr) which has the volume 27 rhdr.

o D
+ 2zhI< ———ar (r
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Define:
e = pe(l — ) + g (1l — en) + puth ow.........
St = (S5 (1= 3) + PuSad (1— o) + CxSuthau}/Pe

where

& = rock porosity .

ay = CONnate water saturalion

p = density (gm/cm?)

S = specific heat (cal/gm/°C)
r,0,w,t. = rock, oil, water, total

Then 8. is the specific heat per unnit volume
of reservoir rock and fluid.

Therefore

(E&%) o = '_).:I'hp'rs-r (-g—:) dr.

Equating the right-hand sides of Iguation 12 and
14, dividing through by dr and neglecting the heut
conduction term in Equation 12 then gives

2uthpS, (—?1) =
ot

where

FISI- = PrSr(l - ¢) +¢'Pv.5w0w + ¢PuSn U- - u...).._ (16)

Finally, substituting for P(r) in Equation 15 by
using Equation 6 gives

(14}

= P(r} al
118 + paQuSe (—Sl’_) L. U

2T 1

at 2zrhpS,

@ Pe — =T aT \|
{W + 20005 (T’jr_')f

Equation 17 must now be solved for the temperature
distribution T(r,t) in order to ascertain the effect of
radiative heating on the flow rate of the well.

.......... (17

(a) Steady-State Temperatures

When the left-hand side of Equation 17 equals zero,
the resulting time-independent differential eguation
defines the steady-state system. If the resulting tem-
perature distribution is denoted by #(r), then

- —a{t —T,}
28 _ xR TR (18)

or 4.18 Puqusn
which can be integrated immediately to give

P, —a(r—ra)

8(r) = 0(r,) + W |e ~ 1

Because no heating occurs at r = e, then ¢(w) must
equal the Initial reservoir femperature T., therefore

|5

G(r\:) - Tn = _4_ 18 Puq_asn

Equation 20 expresses the steady-state temperature
rise at the wellbore. It 13 simply an expression of the
heat balance at the wellbore and is a necessary but not
sufficient condition for defining a steady-state tem-
perature distribution. Combining Equations 19 and
20 then gives the final temperature distribution

—alr—r,}
o) = To + P°4FT13 23S

Figure 2 shows this distribution in graphical form.

(b) Transient Temperatures — Constant Flow
This is the case for which the temperature is stendi-
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ly increasing, with the flow rate held constant at Q..
Rearranging Equation 18 and substituting it for the
first term on the right-hand side of Equation 17 gives

aT PquSu j_al _ al (22)
at 2 zhpeSe 1 ar ar {70 T
Making the substitutions U=4¢-T and
A= —iqiﬂ'— and noting that 30/at = 0, then
2zhe 5"
e A B (3)
ot r or
Equation 23 has the formal solution
U t) = B2 +2A0. . oo (24)

The form of the funection remains unknown. However,
at t = 0, T (r,0) = T., and we obtain the first initial
condition

P *ee %
AT aas

The other initial condition is that (3T/or) =0 at
t = 0. Therefore, putting the first term in Equation
22 equal to zero and using Equation 18 gives the sec-
ond initial condition

Ufr, o) =

aU (r,o) _ — zPe—olr—rd
ot T T4IB @2zheSgr T et (26)
At t = 0Q, Equation 24 gives .
U 0) = FE) e oo @7

Comparing Equation 27 with Equation 25 indicates
that f(r®*) has the form

Ule, t) = (12 + 24t) = ke—aVI* T 246 (29)
Tt can be shown that Equation 29 also satisfies the
second initial condition given by Equation 26, as well
as the obvious eonditions

ol (r, =
at

Hence, the transient temperature distribution, in the
case of a steady flow rate to the wellbore, is given by

P" e #la {e-—f:ll'__e~—r:l!'\'/l'2 + ZAt} (31)

T(\', t) =T, + _—'418 puang

Figure 3 shows the transient femperature distribution
after 2.2 days for different steady flow rates.

(c) Transient Temperaiures — No Flow

Taking the limit of Equation 31 as the flow rate

goes to zero (mote that A depends on q) gives the
result

zpoe—a(r—ru)t
418 2=heSy)r 7T Tt (32)
This distribution, which is the same as is obtained by

integrating Equation 17 with @ = O, has no steady
state.

Tt = Te

{d) Transient Temperatures — Increasing Fiow

This case cannot be handled analytically for an arbi-
trary time-dependent flow rate q.(t)- Equation 17
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FIGURE 2 — Steady-state temperature distri!:ution.
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FIGURE 3 — Temperature rise after 2.2 days.

must be integrated numerically using finite time steps
in conjunction with the flow rate calculated or as-
sumed for the corresponding period of time. For a
realistic caleulation, the flow rate would be constrained
by the pressure drawdown and the temperature/vis-
cosity distribufion during the time increment.

Flow Rate Calculations -

The differential equation relating the temperature
gradient, rate of temperature change and flow rate,
giver. by Equation 17, is essentially no more than a
heat balance. As such, it is 2 necessary but not suffi-
cient condition for the caleulation of the flow rate
itself. Another relationship between the femperature
and rate of flow is needed, and this is provided by
Darey's law in conjunction with a detailed lmowledge
of the viscozity-temperature relationship for the re-
aervoir fluid.

Darcy's law for a radial system is given by

_ —2=1thk dp
q() = —ew . ar A T

flow rate at r (cc/sec.)
radius (cm)
thickness of flowing zone (cm)

where q{r}
r

h

pnnan

k Permeability (darcies)
l&(r) viscosity at r (centipoise)
—t% = pressure pradient (atmospheres/cm)
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Taking r. as the radius of the external boundary of
the flow and g at the flow rate at the wellbore, and
assuming the relationship for a compressible fluid®,

q{r) = q(l — r2/r3),
then Equation 33 can be integrated to give

Toowy (1 — /i) dr
Pe—P, = — =9 _ f Ml —r/inldr (34)
2= hk r. r
where r, = wellbore radius
. = pressure at external radius
', = pressure at wellbore
In the case of no heating, p (r) = p. and
P. - Po= 5t ln(efr) — 51 .. (35)

ASSUMINE e 2> I

For the heated case, the integral in Equation 34
can be written as ihe sum of two infegrald, and the
equation becomes

_ _aq _ -
pe - Po = - 2= hk ([[ IEJ ............... iﬂb)
e wip)
where [, = f wie) dr
fo r
L — Te wir) rdr
= 5 e
q' = [low rate alter heating
i = T
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FIGURE 4 — Viscosity ratio for steady-state temperature
distribution,
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o

Assuming that the pressure drawdown (P.-P.) ia
held constant, then dividing Equation 35 by Equation
36 gives the flow ratio R =q’/q as

R = (37)
To evaluate the integrals I, and [. we must assume
that the viscosity of the oil is known as a function of
the temperature, and that the temperaure distribu-
tion is itself known.
As an example, we will use a viscosity-temperature

relationship of the form
WT) = poe —TT=Ta) (38)

regervoir

where the subscript O refers to initial

conditions.

If we assume a steady-state temperature distribu-
tion as given by Equation 21, the resulting integrals
are not amenable to evaluation in any aimple closed
form. However, very pgood approximations can be
made.

Figure 4 shows typical viscosity distributions based
on the steady-state temperature profiles. If we define
r. to be the radins at which the value of the viscosity
falls to half its initial value w., then visual inspection
of Figure 4 shows the viscosity to be very nearly skew-
symmetric about the value r., when r is on a lagarith-
mic scale. Therefore, a minimum of error should be
introduced if the integral I, 15 approximated by using

piry =0r, <r <r.
ery = L. r, <r1r <r,
Then

[, = In (1, /rd (3

Using the same approximation, the second integral
becomes

(40)

Ie = w2 (0 —0d/rd) ...
For the case of r.<{r., which will always be true in
practical applications, the bracketted terms in Equa-
tion 40 will reduce to unity, therefore Lgquation 37
becomes

4 _p. o/l =5
a = Infrre) — 5

The radius r., although defined rather arbitrorily
in terms of the viscosity distribution, thus has the
mathematical interpretation of being the effective
wellbore radius for the case in which the steady-state
temperature distribution is reached.

[a) Steady-State Flow Hates

The use of Equation 41 requires a value of r.. If
Equation 88 is evaluated for g = p./2 and the resuit-
ing temperature (T) is substituted inte Equation 21,
the result is a relationship between r. and the other
physical parameters:

1 P, | -
—a—' ll‘l {ﬁ.ﬁnq_'fi:_f .............. (42.)

assuMming r. > r,, and q' in BOPD

e =

An estimate for g’ in Equation 42 results in a value
for r. This iz then substituted into IEquation 41. The
results for a reasonable range of initial flow rates,
mput power and absorption coefficients are shown in
Figure 5. Values of 25 and 660 feet were used for r.
and r. respectively, and v = .072/°C; p.5. = 0.5 cal/
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ce/°C. The dashed line on Figure 5 is for o = .00079
as given in the Russian paper®™.

(b) Transient Flow Rates

The calculation of flow rates during the transient
(pre-steady-state) period is more difficult than cal-
culations for the steady-state case. Equation 17 must
be rewritten in ineremental form, and short time in-
crements used, in order to account for the changing
flow rate (the analytic solutions obtained above as-
sumed steady flow rates). The temperature distribu-
“tion can then be found at the end of the time interval
for the assumed flow rate. The resulting viscosity dis-
tribution is then used to evaluate Equation 37 numer-
ically, and a new value of q’ is obtained. This value is
then used again in the incremental equation for the
same time step, and the process is repeated until con-
vergence on g’ is obtained for that time step.

In this way, a flow rate is obtained for each time
step. The integral I, in Equation 37 cannot be approx-
imated, as in the steady-state case, because for the
early stages of heating r. == r.. Figure 8 shows typical
flow rate buildups. The parameters used were:

T = 072/°C
pade = .5 calfec/°C
pLSg = 66 ca[/cc/’C
h =_600 cm

(c) Comparison with Contact Electric Heating

Raising the temperature of the wellbore area by
means of bottom-hole (contact) heaters is a well-
established technique used for dewaxing and visco-
sity control in the tubing string. As a stimulation
technique, this heating method suffers from the fact
that the heat input is entirely due to conduction
against the flow of oil to the wellbore. The derivation
of the steady-state temperature distribution for con-
tact heating is given in Appendix I. Figure 7 compares
the temperature distributions due to radiative and con-
tact heating resulting from an initial rate of 4.3 BOPD
and effective input power of 10 low. Figure 8 shows
the results for an initial rate of 13.3 BOPD and input
power of 20 kw. Other parameters used were

T = 072/°C

K = .002 cal/sed./°C/cm
a = .00266/cm

h = 600 cm

eoda = 0.5 cal/ce/°C

(d) Direct Electric Heating

This method of heating near the wellbore relies on
the generation of heat by the I*R loss of 60-cycle alter-
nating current directly applied to the wellbore. Rate
increases of up to 300% have been recorded under cer-
tain circumstances™. Power requirements and temper-
ature profiles have not been caleculated for comparison
with radiative heating.

Discussion
THE MATHEMATICAL MODEL

As in all analyfic models, certain simplifications
have been made in order to render tractable results.
The most important of these assumptions are:

(1) radial symmetry of radiation;
(2) no heat losses to the adjacent formations;
(3) strietly radial pressure distribution.

In general, antennae of a zimple dipole type have a
power output intermediate between radial and spheri-
cal symmetry; specifically designed arrays can result
in angular distributions which closely approximate a
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radial distribution. It is unlikely that this would be
possible in the confined space of a wellbore. For prac-
tical purposes, it would be sufficient for the power to
be angularly distributed in such 2 manner that it would
be absorbed in the productive zone, rather than eseap-
ing to adjacent formations.

Quite apart from the problem of radiation leaving
the productive formation is the problem of wvertical
heat conduction from the heated region. No attempt
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has been made to aceount for this loss of heat. It would
appear, however, that in a practical operating situation
an antenna of smaller vertical dimension than the
thickness of the formation, placed midway in the for-
mation, and radiating in a reasonably radial fashion,
would give rise to 2 much smaller percentage of heat
loss than, for instance, a steam stimulation.

PHYSICAL PARAMETERS

The parameter most in doubt, and also the most cri-
tical parameter in determining the feasibility of the
method of electromagnetic heating, is the absorption
coefficient «. A Russian paper™ gives a value of the
electric field absorption coefficient . = .0396/meter.
In terms of the absorption coefficient used in this pa-
per, this corresponds to a value of .000792/c¢m, which
appears encouraging. However, it is not known what
frequency this value is for, or the nature of the re-
servoir rock for which the coefficient was measured.

POWER SUPPLY

Assuming that the reservoir parameters are such
that the formation is susceptible fo radiation stimula-
tion, there remains the problem of supplying electro-
magnetic power to the formation.

At the present state of the art, power output is
available in the range of 100 kilowatts to several mega-
watts throughout the frequency spectrum to about
20000 magacyeles. Typical 60-cycle to r.f. conversion
efficiency is of the order of 50% at the oacillator out-
put. The size of such installations and auxiliary equip-
ment such as cooling facilities would dictate their use
at the wellhead.

With a high-frequency power source at the wellhead,
a transmission line would be necessary to transmit the
power fo the formation, For frequencies up to the
UHF range, a heavy coaxial cable would probably
serve adequately, with fairly low power losses. Still
higher frequencies require waveguides for efficient
transmission, and the rance of frequencies would be
severely limited by the diameter of the tubing. It is
expected, however, that these radar frequencies would
have too high an absorption coefficient ta be of use in
oilfield heating applications, regardless of their proven
Uuse in microwave ovens.

The most serious engineering problems would occur
at the transmitting element opposite the formation.
Generally speaking, the zize of an efficient radiating
antenna increases with the wavelength vsed. Bearing
in mind the typical dimensions of a wellbore and the
pay zone thickness, low-frequency radiation efficiency
could be very poor, regardless of the faet that such a
frequency might be necessary to obtain a reasonably
Iow power absorption ccefficient. In addition to very
severe resirictions on the antenna geometry, it must be
remembered that high-frequeney radiation cannot pe-
netrate steel, therefore the bottom of the casing string
would have to have a joint of plastic (or other dielec-
tric) pipe, or the well would require an open-hole com-
pletion. High-ternperature equipment would be re-
quired in either case, both for the flow string and the
radiation hardware. The entire antenna system would
have to be totally enclosed in some dielectric material,
in order to prevent short-cireuiting, which would oecur
if even the slightest amount of water were produced
with the oil. Finally, the output impedance of the an-
tenna and surroundings would have to he matched to
the oscillator and transmission line in order to opti-
mize power transfer from the power supply to the re-
Servoir.
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REVIEW OF RESULTS

It appears from Figure 6 that a near-steady-state
temperature distribution would take many months to
achieve if the flow rate was allowed to increase spon-
taneously. If the flow rate was restricted, however,
Equation 31 can be used to calculate the temperature
distribution, and near-steady-state conditions ecan be
achieved faster, a5 more of the heat is rvetained in the
formation,

Regardless of the approach to steady-state flow, il
appears that under a wide variety of operating circum-
stances the flow rate can be expected to couble within
four weeks of the startup of radiation heating. This
i5 important in that only a very limited field trial
would be required to determine the feasibility of this
stimulation method for a given oil reservoir.

It should be noted that all flow rates have been cal-
culated as a flow ratio multiplied by the initial flow
rate, due to the radial flow geometry used. The results
on Figure 5 are therefore clearly not applicable to a
case where there is no initial flow.

A further observation, based on the flow ratios from
Figure 5, is that appreciable flow rate increases would
be experienced even by wells initially producing at 20-
100 BOPD rates. At the relatively modest power input
of 20 kilowatts, 50¢% to 300<% rate increases may be
possible, depending on the power absorption coeffi-
cient o.

Conclusions

From a theoretical standpeint, it appears that heat
stimulation of oil wells by radiation heating is an at-
tractive possibility, for both the flow rate and the tem-
perature distribution characteristics. It is likely that
all hardware problems could be successfully accom-
modated, and therefore the technical feasihility of the
method depends ultimately on the effective value of
the power absorption coefficient. Measurements of
power absorption as a function of frequency could be
made in a laboratory, as could direct temperature
measurements in a suitable medium surrounding a
radiating antenna. The results of such experiments
will be needed before further development of the meth-
od can be contemplated.
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APPENDIX |

The net heat transfer rate into a cylindrical element (r, r 4 dr)
is given by Equation 12 atove for concurrent radiation, von-

vection and conduction:
T
+ G oL
Fullutn ( or )

do\ _ faP(o
a

| 118

T - -1
+ 2=hKK =t (r ar )} dr. ..
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The steady-state temperature distribution for the case of
contact heating from the wellbore can be obtained by sclving
Equation A-1 for the conditions

dQ -
(d_t') aek - 0

and P{r) = 0 (i.e. no radiation)
Then from A-1

Pa Qo Do _d_T__ _ i ﬂ
(2':hK) dr dr (r ar ) .......... (A-2)

Malking the substitutions A = g, Qo So/2% hE
and

Rearranging Equation A-3, we can obtain

dy dr
S S C@FD (A1)
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which can be integrated immediately to yield
(—A —1)In(r) = In(y) + constant

or
dT
= ——— = Bra-! i
& i Brl, .. (A-5)
(In = logy)
Integrating Equation A-5 gives
- B
T= A T {A-6)
or hK f - Pa Qo Sa
T(r) = —= Br 2=RK AT
(r) o Qo Su ( )

B is a constant which remains to be determined. Equation 20
above gives the steady-state temperature rise at the wellbore,
which is independent of the method by which heat is introduced
into the reservoir, In terms of T{r), the temperature rise given by
Equation A-7, Equation 20 becomes

P

T(l'o) = m ..........................

The constant B in Equation A-7 can therefore be evaluated and
the steady-state temperature distribution is then known.
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