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ANALYTICAL CYCLIC STEAM SIMULATION MODEL
FOR HEAVY OIL RESERVOIRS

ABSTRA CT. Estimated heavy oil reserves almost match those of conventional oil. Amongst 
the many methods of enhanced oil recovery used in heavy oil production steam injection is 
commercially successful. Promising new technologies such as cyclic steam stimulation (CSS) 
help to enhance recovery from heavy oil reservoirs. CSS is recommended on the basis of the 
geological characteristics of the reservoir containing viscous crude oil, the dynamics and the 
pressure at which the steam is injected. It is described an analytical model of CSSfor a vertical 
well which was determined by the parameters ofenhanced oil recovery on the basis ofanalytical 
evaluation ofeach of the abovefactors. Integrated evaluation methods are applied to calculate 
the dimensionless variables for each factor, which characterizes technological parameters of 
CSS. The results show that the higher the parameters ’ value the higher is the oil production 
for each well. The analytical model of steam injection to vertical wells was applied to calculate 
the optimal duration of injection, soaking and production at cyclic steam stimulation of the 
bottom-hole zone of a well. At that the net present value (NPV) characteristics were taken into 
account.
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Until recently there was little interest to heavy oil fields, because developing these 
reserves was considered economically infeasible. Higher oil prices and traditional oil 
reserves depletion inspired new interest to the development of viscous crude oil 
reservoirs and application of many enhanced oil recovery methods. Thermal methods 
are considered the most effective at the development of heavy oil fields. In this 
approach, the crude oil in the formation is heated, which reduces its viscosity and 
increases its mobility. Thermal methods, however, require a lot of energy, which makes 
their feasibility disputable. Therefore, before recommending the said enhanced oil 
recovery method they carry out fastidious calculations to prove the profit [1-2]. Various 
models are used: numerical, analytical, phenomenological, statistical [3-5]. CSS is 
among one of the most often used enhanced oil recovery technologies.

This research develops an analytical model which describes CSS of bottom-hole 
zone of a vertical well and helps to calculate technological parameters and economic 
feasibility of this method, based on the net present value (NPV) [6]. The paper shows 
that the offered analytical model reduces the time required to calculate CSS parameters 
as compared to numerical calculations based on hydrodynamic simulators such as 
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Tempest MORE, Eclipse, CMG STARS, because it helps to computerize calculations 
of steam condensation time and fluid recovery time.

This model differs from the existing ones [3,5, 7-9] in that it allows to calculate 
the temperature and the radius of the heated zone at the beginning of production 
regardless of the soaking duration.

In our model the steam is injected into a vertical well, drilled into a homogeneous 
oil reservoir layer of h thickness, m porosity, к permeability, which contains oil with 
μ viscosity. We do not take into account capillary effect and gravitation.

Steam injection technology consists of three stages. At the first stage the steam is 
injected into a well for a certain amount of time to heat a zone around the well. At 
the second stage the steam is fully condensed, and the oil from the colder layers of 
the reservoir soak the warmer layers. At the third stage fluid is produced; the thermal 
treatment of the layer increases well production rate. The length of the production 
stage is determined by the moment when the production rate decreases to the initial 
level, close to the level achieved without CSS [9].

The heat-balance equation at the first stage of steam injection is

((1 - m)crpr + mcgpgjhATπdf-r=H- aΔTπ(r2 - r2j (i) 

where ΔT = Ts-T0 is the difference between steam temperature and layer tem­
perature (K); H = qnpg(cwΔT + Z) is the injection rate (kJ per day); qn — the 
volume of the heated steam injected (m3 per day); pg — steam density (kg∕m3); 
pr—rock density (kg∕m3); cg — steam thermal capacity (kJ∕kg∙K); cr—rock thermal 
capacity (kJ∕kg∙K); l — latent heat of evaporation (kJ∕kg); a — heat-transfer coeffi­
cient (kJ∕(m3 per day K)); h — layer thickness (m); r — well radius (m).

The equation (1) helps to calculate the steam-heated zone radius at the first stage 
ofCSS as

(2)

At the second stage of steam condensation, the condensation front moves towards 
the well, its radius changing from rt to rw. We will describe the time, when the 
condensation front reaches the well as tn.

After the condensation front reaches the well, the layer temperature can be 
calculated as 

Rrhπ(rs2 - r2j di-J°'i = -aπ(rs2 - r2j(T-T0), (3)

where Rr ~ (1 ~ m)prCr + mpoCo— Cffectivecoefficientofthermalcontentofthe 
soaked porous rock (kJ∕kgK).

Solution for the equation (3) under the initial condition of T(O) = Ts is 

(4)

with t > t½.

Differential equation to calculate the condensation front is [9]:
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(5)
dt lpnmhχ s,

where m is porosity, X is volume-averaged value for dryness of steam, pn—oil density 
(kg∕m3).

At the second stage of CSS we calculate the radius of the condensation front rk 
by solving the equation (5) under the initial condition of rs (0)= rk as

дат
⅞=Γse ⅛nmw . (6)

As a result of soaking the heated oil zone area is (rk<r ≤ r.). If soaking stops 
before the condensation front reaches the well (rιt < rw), the internal radius of the 
heated oil zone, i.e. rk and the external radius of this zone r. are found as the following 
balance of heat correlation:

RthΔTπ(r2 — r2) = RohΔTπ(r2 — rfcz)

2 _ ⅜⅛⅜Kgl⅛ , 2 _ τ.2'1 e- r2
r"~ Rt+R0

When the condensation front reaches the well, the duration of soaking is determined 
by the formula

_ Ig Pn^X 
i a AT

At the third (oil production) stage of CSS the radius of the hot oil area, which 
developed during soaking as the oil fluxes moved towards the well, is determined by 
the formula

Q(r,PR0t
IthmRr '

(7)

where Ro = mρσCo — oil thermal content coefficient (kJ∕m3∙K),
Ri = (1- m)prCr — effective coefficient of rock thermal content (kJ∕m3∙K). 

The equation (7) becomes

r2 = Kt⅞⅛0r⅞
βf+Ro (8)

If we assume that at the beginning of the production stage the internal heated-oil 
radius instantly becomes r . while the external radius — r„. The external radius of 
this zone, provided that the areas of heated oil at the end of soaking and at the beginning 
of oil production, is then

(√ - rfcz) = (r.2 - ⅛), 
ruz < rfe2 < rs2

which becomes
r2 = r2 + (r? - rk2) = n2 - (ηt2 - rw2),

(9)

(10)
or

(11)

In (~--)∙
¼ ∙η√

(12)

(13)
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As viscosity of the filtered fluid depends on the temperature, different temperature 
zones will contain oil with different viscosity values. The fluid inflow for the well can 
be calculated by the Dupuit Equation, which is adjusted to account for zones with 
temperature differences [7]:

Q(r..)-2⅛⅛∆p(μτiιι^ιιiιιιg), (14)

where μτ is the viscosity of oil in the bottom-hole zone, heated to the temperature of 
T, where T is calculated as (4); r is the radius of the well’s external boundary; Ap is 
the difference in pressure at the boundary and at the bottom-hole zone.

At the third stage, when the oil is produced, the heated zone shrinks and the radius 
of the area containing hot oil reaches the time-value of ty The equation to define the 
oil production duration is

t==≡⅛fr∙∙ - r'λ oω - (l5)

Thus, the calculations based on the analytical model offered in this research help 
to estimate the optimal duration of the three stages of CSS for a vertical well: duration 
of injection, with the account for the changes in steam concentration in the heat 
conductor as in [10], and for the changes in the hot condensation zone as in [8]. This 
allows to determine the value of the acquired oil production rate for one steam 
stimulation cycle and to find the optimal duration of steam injection, soaking and oil 
production.

The research is based on the following initial data: layer thickness—20 m, 
porosity—0.34, permeability—1000 mD, temperature—304 K. The layer contained 
oil with viscosity of 307 mPa and density of 920 kg∕m3, mineral density—2500 kg∕ 
m3, latent heat of evaporation—1025 kJ∕kg. The dryness fraction of the injected steam 
is 0.746 and the temperature is 613 K. One steam stimulation cycle is 108 days. The 
duration of injection varied from 0 to 60 days, and the duration of soaking—from 0 
to 14 days.

Figure 1 shows the isograms of maximum values of NPV for different durations 
of injection and soaking, as well as the influence curve for correlation between the 
duration of soaking and duration of injection measured at the moment when the 
condensation front reaches the well.

Figure 1 shows that of all possible values for injection and soaking durations the 
maximum NPV of 83,634 roubles is achieved when the duration of injection is 25 
days, the duration of soaking is 4 days and the duration of production is 79 days. 
Figure 1 shows the maximum NPV of 72,197 roubles when the condensation front 
has reached the well at the injection duration of 24 days, at the soaking duration of 
6.5 days and production duration of 77.5 days.

In our earlier research [11] we determined the optimal durations for injection, 
soaking and production when soaking time depends on the injection time, and the 
maximum NPV was found on the curve (Fig.l). In this research injection and soak 
times are variable parameters. It helps to find optimal parameters with higher NPV
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duration of injection, day

Fig. 1. Different net present values (NPV) at varying durations of injection and soaking 
and the influence curve of soaking duration as dependant on injection stage length, 

provided that the condensation front has reached the well

The mathematical model of CSS for bottom-hole zone of a vertical well, described 
in this research, helps to estimate the economic efficiency of this method at a heavy­
oil field.

This paper offers a way to estimate the optimal soaking and production times 
during CSS of a well. The research results help to determine the maximum NPV for 
each steam stimulation cycle and find the optimal injection, soaking and oil production 
times. This model allows to vary soak time taking into consideration the heat in the 
layer in case when the condensation front has not reached the well. The model can 
also account for the layer cooling, when the soaking is not over yet, while the 
condensation front has reached the well.
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