
ERLONG YANG et al: A STUDY TO DETERMINE RESERVOIR PARAMETERS AND REMAINING OIL … 

DOI 10.5013/IJSSST.a.17.48.18                                     18.1                 ISSN: 1473-804x online, 1473-8031 print 

A Study to Determine Reservoir Parameters and Remaining Oil Saturation by using 

Inter-well Tracer Test 

 
Erlong YANG, Tingting GU* 

 
Key Laboratory on Enhanced Oil and Gas Recovery of the Ministry of Education, Northeast Petroleum University, Daqing, 

Heilongjiang 163318, China 
 
 

Abstract -- For the mathematical model of conventional 3-D two-phase non-distributive and distributive tracer problems, there are 
unknown parameters Cww (the concentration of water component in water phase) and Coo (the concentration of oil component in 
oil phase) in the water and oil component functions, which would increase the computational load in the basic model to solve 
differences. Taking into account Cww≈1 and Coo≈1, the water and the oil component functions can be simplified through 
substituting Cww=1 and Coo=1. The implicit difference schemes of this simplified model are presented and solved by Gauss-Seidel 
iteration method. By means of rational design of the differential lattice, the obtained coefficient matrix of linear equations is strictly 
diagonally dominant, which can make the result unconditionally stable. Compared with the results of the non simplified model, the 
formation permeability error is less than 2%, and the layer thickness error is less than 5%, which indicates the operation accuracy 
of this simplified model can meet the requirements, and greatly reduce the calculated amount at the same time. The model has been 
put into practical use for the well group N2-2-P38 in southern district Ⅱin Daqing Oilfield. The amount of 10 tons ammonium 
thiocyanate was injected into the test area, and the amount of 14 tons normal butyl alcohol was used. The production concentration 
curves have been measured in three nearby production wells, and one of them is not perforation and the tracer is not detected. The 
time that ammonium thiocyanate concentration occur peak value is 152, 225and 42 days. The flowing velocity of injected water 
between the injection and the production wells is 1.65, 1.11 and 5.95 m/d. Then the average water-phase permeability of the 
reservoir is 0.090, 0.0731 and 0.477μm2, which are calculated and determined for production wells N2-D3-P38, N2-D2-P38 and 
N2-2-P138 respectively. Based on the dynamic parameters of water, production fluid, pressure and curve fitting of tracer 
concentration, the reservoir parameters and remaining oil saturation distribution of the 4 sediments, namely, PI1, PI2, PI3 and PI4 
are obtained. 
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I. INTRODUCTION 
 
Since 1980s, tracer technique has been widely used in 

many oilfields in our country[1], and it has been developed 
rapidly. The qualitative reservoir description developed from 
the single well chemical tracer method to using the method 
of inter-well tracer to obtain the formation parameters and 
the remaining oil saturation distribution [2]. The method of 
determining the residual oil saturation by using the tracer 
output concentration curve is mainly analytical method and 
numerical simulation method. The analytical method is 
simple, but the average residual oil saturation is obtained, 
and it can't be used to determine the remaining oil saturation 
distribution. Also, the analytical method is only suitable for 
the well pattern of regular geometry. Therefore, the 
numerical simulation method is used to determine the 
residual oil saturation in order to overcome the shortcomings 
of the analytical method in this paper. 

On the basis of the reservoir numerical simulation, the 
numerical simulation software for the interpretation of the 
inter-well tracer data is developed and perfected by Li 
Shuxia et al in the modeling section since 1990s[3-5]. The 
principle of numerical simulation methods to determine 
residual oil saturation is to use multi phase and multi 
component model to deal with the process of injection, 
migration and production. By repeatedly adjusting the 
formation parameters, the tracer output curve that the 
production wells calculated should be consistent with the 
actual curve. Finally, the formation parameters and the 

remaining oil saturation are obtained. Under the 
precondition of robust results, the numerical simulation 
model of oil-water two phase and four components of oil, 
water, distribution of tracer and non distributive tracer are 
simplified in this paper, which greatly reduce the amount of 
computation. 

 
 

II. THE PRINCIPLE INTER-WELL TRACER 
TECHNOLOGY 

 
The remaining oil saturation of oil reservoir is 

determined by using the principle of chromatography [6-8]. 
One is lipophilic distribution tracer, which is dissolve in oil 
and water. The other is a hydrophilic non-distribution tracer, 
which is mainly dissolved in water. In the flow process, the 
two kinds of tracers are separated, and the concentration 
peak will create a time difference when it reach the ground, 
which has quantitative relation with the remaining oil 
saturation. 

 
 

III. ADVANTAGES OF NUMERICAL SIMULATION 
METHODS 

 
The analytical method and numerical simulation method 

are mainly used to determine the residual oil saturation by 
using the tracer production concentration curve. Although 
the analytical method is simple, the average residual oil 
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saturation can be determined, and the residual oil saturation 
distribution can not be determined. And analytic method is 
only applicable to the regular geometry of the well pattern. 
In this paper, the numerical simulation method is used to 
determine the residual oil saturation in order to overcome the 
shortcomings of the analytical method. 

The principle of determining the residual oil saturation 
by the numerical simulation method is that the multi phase 
and multi component model is used to deal with the 
injection, migration and production process of tracer. By 
repeatedly adjusting the formation parameters, the tracer 
production curves of the production well is consistent with 
the actual curves, and the formation parameters and inter 
well residual oil saturation are obtained. 

 
 

IV. THE THREE-DIMENSIONAL TWO-PHASE 
FOUR-COMPONENT MATHEMATICAL MODEL 

 
Note: components 1: non-distribution tracer, only 

dissolve in water phase; components 2: distribution tracer, 
dissolve in both oil and water; components 3: water 
component, only exist in the water phase; components 4: oil 
component, only exist in the oil phase. 

 The three-dimensional two-phase four-component 
mathematical model is the: 
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Components 3: 
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Components 4: 
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Auxiliary equation: 

1wo  SS                     (5) 

wocow PPP                    (6) 

K
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2w

2o

                    (7) 

 Where: H --- reservoir thickness, m;  

 ---porosity, decimal;  

o , w ---the viscosity of the oil and water, Pa·s;  

o , w ---the density of oil and water, 3kg/m ;  

k ---the absolute permeability, m2;  

roK , rwK ---the relative permeability of oil and water, 

dimensionless;  

D ---gravity gradient, Pa/m;  

oP , wP ---the pressure of oil and water, Pa;  

oS , wS ---the saturation of oil and water, decimal;  

cowP ---the capillary pressure between oil and water, Pa;  

1wC , 2wC , wwC ---the mass concentration of the 

non-distribution tracer, distribution tracer and the water 

component in the water phase, %; 

2oC , ooC ---the mass concentration of distribution 

tracer and the oil component in the oil phase, %; 

K ---the distribution coefficient of distribution tracer. 

 

A. Simplification of the Model 

The Cww and Coo are unknown in the water and the oil 

component functions, which would cause massive 

calculations to solve difference equations in the basic model. 

Given Cww ≈ 1 and Coo ≈ 1,the water and the oil 

component functions can be simplified through substituting 

Cww=1 and Coo=1. 

The water component: 
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The oil component: 
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B. Solving Model 

 
The equations (1) and (2) carry on difference, which 

using implicit expression to solve the pressure and showing 
the solved water saturation. And then by establishing an 
implicit difference scheme for the non-distribution tracer 
component and the distribution tracer, thereby the tracer 
concentration is calculated. And it was solved by Gauss 
Seidel iteration method. Through the reasonable design of 
the differential case, the linear equation set is strictly 
diagonally dominant, which can be used to solve the non 
conditional stability. 

The pressure equation and the saturation equation of the 
oil phase can be obtained by the simplified mathematical 
model. The pressure and saturation are solved by using the 
implicit pressure explicit saturation method in the black oil 
model. The pressure equation is solved by the implicit 
solution with preconditioning conjugate gradient method, 
and pressure distribution can be obtained. Then the pressure 
value is substituted into the saturation equation, and explicit 
saturation distribution can be obtained. Finally, the value of 
pressure and saturation is into the formula (1)-(4), and the 
concentration distribution of each component can be 
obtained. So repeatedly solved, the concentration of each 
component of the curve changing with time can be obtained, 

for the tracer component, that is, the tracer production curve. 
The calculated tracer production curve is compared with the 
measured tracer production curve, and if it is not consistent, 
the formation parameters can be modified, and the 
calculated results are in agreement with the two. 

The conventional numerical simulation is a step by step 
to seek out reservoir pressure, saturation and related 
development dynamic index, and then comparing the 
dynamic development data with practical development to 
carry out the fitting calculation and dynamic prediction. 

Numerical simulation of tracer in inter well is not only 
the calculation of oil pressure, saturation and dynamic 
production, but also the calculation of tracer output curve. 
Finally, the calculated dynamic production and tracer 
production curves will be fitted to the measured results. 
Because the measured tracer output curve is more accurate 
and reliable than the history of oilfield development. So the 
fitting of tracer production curves can reflect the actual 
condition, and the calculation results more reliable. 

For the oil field with longer production time, the time of 
tracer test is very short compared with the development 
history of the whole oil field. So it does not fit the 
production history of the oil field, and the main curve of the 
tracer production is fitted. 

The same as the conventional numerical simulation, the 
input parameters are adjusted to fit the calculation until the 
calculated tracer production curve coincides with the 
measured production curve. After the two matching, the oil 
saturation distribution at the end of the fitting calculation is 
the remaining oil saturation distribution at the end of the 
tracer test. This is the basic principle of determining the 
residual oil saturation by the well tracing method. 

 
C. Reliability Test 

 
In order to test the reliability of the method, the results of 

this method are compared with document [3]. Table 1 shows 
that the error of the formation permeability is within 2%, 
and the error of the thickness is within 5%, which indicates 
that the method is reliable.

 
 

TABLEⅠ RESULT COMPARISON TABLE BETWEEN DOCUMENT [3] AND THE METHOD OF THIS PAPER 

Well number C E F G 

Formation parameter k /
2μm  H / m  k /

2μm  H / m  k /
2μm  H / m  k /

2μm  H / m  

Document [3] 2 0.0055 1 0.008 1.8 0.006 1.6 0.007 

Method of this paper 1.977 0.0053 1.012 0.0076 1.779 0.0059 1.615 0.0068 

Error/% 1.15 3.64 1.2 5 1.17 1.67 0.94 2.86 

V. THE CONDITON OF TRACER TEST 
 
 

A. General Situation of Test Area 
 
The well group of N2-2-P38 injection wells in the south 

of Daqing oil field is selected as the test area of tracer 
injection, which including N2-2-P138, N2-2-P139, 
N2-D2-P38, N2-D3-P38 4 production wells, to compose the 
regular five point area of well pattern, and the average well 

spacing is 250m. The ammonium thiocyanate was chosen as 
a non - distribution tracer and normal butyl alcohol was 
chosen as a distribution tracer. The mining layer of the well 
group is PuⅠ1-4 reservoir, the middle depth of oil layer is 
1043-1083m, the temperature of oil layer is 45, the viscosity 
of crude oil is 8.1mPa s, the experimental zone control area 
is 0.12km2, the average sandstone thickness of single well is 
20.1m, the effective thickness is 15.2m, the pore volume is 
4.5×105m3, the original geological reserves is 26.1×104t. 
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B. The Design of Tracer Dosage 
 
Calculation of tracer dosage by Brigham-Smith formula: 

735.1265.0
pw

21044.1 LCSHG 
         (10) 

 Where: G is the tracer dosage, t; H  is reservoir 
thickness, m;   is reservoir porosity, decimal number; 

wS  is water saturation, decimal number; PC  is the peak 
value of design mining concentration, mg/L ;   is 
dispersion constant, for the ammonium thiocyanate was 
0.015 and the normal butyl alcohol was 0.05, m; L  is well 
spacing, 100m. 

 The dosage of ammonium thiocyanate and normal 
butyl alcohol determine respectively as 9.77t and 13.44t. 

 
C. The Test Situation 

 
In order to reduce the adsorption, the water solution of 

sodium hydroxide with the mass concentration of 2.1% was 
injected 24m3 in advance; then the formaldehyde solution 
with the mass concentration of 0.417% was injected 14m3 to 
reduce the influence of bacteria. The injection pressure is 
about 7MPa, the mixed solution was injected 236m3, which 
were composed of ammonium thiocyanate with the mass  

 

 

Figure 1. The recovery concentration curves of South 2-J3P38. 

 

Figure 2. The recovery concentration curves of South 2-J2P38. 

 

 

Figure 3. The recovery concentration curves of South 2-2P138. 

 
 

concentration of 5% and the normal butyl alcohol with the 
mass concentration of 7%. The actual injection amount of 
ammonium thiocyanate and normal butyl alcohol were 
respectively 10t and 14t. After the water injection was 
normal, the output condition of tracer was sampled and 
analyzed from the surrounding wells. At present, the 
recovery concentration curves of the three wells, which 
already have been tracer, are shown in Figure 1, 2 and 3. In 
addition to the South 2-2P138 wells, there are only 
ammonium thiocyanate in the other two wells and no normal 
butyl alcohol. There is no tracer in the South 2-2P139 well 
with the main reason of the major reservoir without 
perforation. 
 
 

VI. THE ANALYSIS OF TEST RESULT 
 
The simplified numerical simulation method was used to 

make the history matching for the concentration curve of the 
distribution tracer and non-distribution tracer and have 
higher fitting precision, which toke N2-2-P138 as example 
and were shown in Figure 4 and Figure 5. On this basis, the 
formation parameters and residual oil distribution were 
obtained. 

 
A. The Evaluation of Formation Parameter 

 
The time that the peak value of ammonium thiocyanate 

solution appeared of N2-D3-P38, N2-D2-P38 and 
N2-2-P138 was 152 days, 225 days and 42 days, the flow 
velocity of the injected water along the direction of the three 
wells was 5.95m/d, 1.11m/d and 1.65m/d respectively. The 
average permeability of the three oil wells is 0.090μm2, 
0.0731μm2 and 0.477μm2. It can be seen that in the main oil 
layer, the difference of permeability in the different oil well 
direction is also relatively large. The permeability that is 
calculated here is the water phase, not the absolute 
permeability of the reservoir.  

Based on the dynamic parameters of water cut, 
production fluid, pressure and the curve fitting of tracer 
concentration, the distribution of permeability is obtained. 
The permeability distribution of Pu I2 unit is shown in 
Figure 6. 

 
B. The Analysis of Remaining Oil Saturation 
 

According to the concentration curve peak value of 
ammonium thiocyanate and normal butyl alcohol, the 
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calculation of the average remaining oil saturation is 0.426 
by using a landmark comparative law formula of document 
[5]. Because the peak value of the concentration curve 
represents the condition of main oil layer, therefore the 
calculated remaining oil saturation is the value of Pu I2 
layer, and the remaining oil saturation of other small layer is 
higher than this value. 

 

 

Figure 4. The curve fitting of non-distribution tracer concentration. 

 

Figure 5. The curve fitting of distribution tracer concentration. 
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Figure 6. The permeability distribution of Pu I2 unit. 

 
 

According to the curve fitting of tracer concentration, the 
distribution of permeability is obtained and using the tracer 
numerical simulation model, and the remaining oil saturation 
distribution of the 4 units in the well group is obtained, the 
remaining oil saturation distribution of Pu I2 unit is shown 
in Figure 7. The unit is the main reservoir and permeability 
is relatively high, the average residual oil saturation is about 
0.43 which agrees with the calculation results of landmark 
comparison method, which explains that the unit has been in 
a state of water flooding after years of water flooding. In the 
plane, the oil saturation of N2-2-P138 well is low, the water 
washing intensity is large, and the tracer time is early, and 
the remaining oil saturation of other direction of well is 
relatively high. This law is consistent with the conclusion 
that the dynamic response characteristics of the oil field. 
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Figure 7. The remaining oil saturation distribution of Pu I2 unit. 

 
 
 

VII. CONCLUSIONS 
 

 1 The three-dimensional two-phase four-component 
mathematical model has been given, which compared with 
the non simplified case, the results are reliable and the 
calculation amount is greatly reduced. 

 2 The distribution law of remaining oil saturation in 
reservoir before tracer injection should be considered when 
using the concentration curve to explain the remaining oil 
saturation of reservoir. The fitting of the concentration curve 
and the fitting of water cut can be combined to calculate the 
more objective and accurate remaining oil distribution law. 

 3 The production concentration curve fitting and 
landmark comparison calculation are used to calculate the 
remaining oil saturation of reservoir. The results show that 
Pu I2 reservoir is already in strong water condition in the 
condition of N2-2-P138 wells which takes the N2-2-P38 
well as the centre. 
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