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Abstract: Gas-water relative permeability curve is the foundation of gas reservoir dynamic analysis and 
numerical simulation. It is generally obtained through gas displacing water experiment. Referring to the 
existing national standards, gas-water relative permeability test is carried out for low-permeability and tight 
sandstone. The flow is discontinuous and the curve smoothness is poor, which affects the application of gas-
water relative permeability curve. Based on the comparative analysis of a large number of mercury injection 
and NMR experimental results of low-permeability and tight sandstone, a method to characterize the throat 
radius distribution of low-permeability tight sandstone based on NMR T2 spectrum is explored. Combined 
with high-speed centrifugal experiment, the calculation formulas of core water saturation, phase relative 
permeability of gas-water under different centrifugal force are established. A new method of "nuclear magnetic 
resonance + high-speed centrifugation" for gas-water relative permeability curve test of low-permeability and 
tight sandstone is formed, and the test is carried out on Sulige low-permeability tight sandstone core. The 
results show that: (1) The shape of cumulative distribution curve of throat radius by mercury injection method 
is basically consistent with that of T2 relaxation time by NMR, and there is a good corresponding relationship 
between them. (2) The centrifugation process is similar to the gas displacing water process. With the decrease 
of water saturation, water centrifugation in rock core becomes more and more difficult until it become 
irreducible. (3) The test process of the new method is unified and standard and up to 6 cores can be tested at 
the same time. The calculation results of water saturation and relative permeability curve are reliable and the 
integral curve is smooth, which greatly improves the test efficiency of gas-water relative permeability curve in 
low-permeability and tight sandstone. The new method can be widely used to study the gas-water two-phase 
seepage law in low-permeability and tight sandstone gas reservoir. 

Keywords: low permeability and tight sandstone; nuclear magnetic resonance （ NMR ） ; high speed 
centrifugation; micro pore structure; gas-water relative permeability curve 
 

1. Introduction 
Gas-water relative permeability curves are foundation for gas reservoir research and are widely 

used in gas well productivity evaluation, dynamic analysis and numerical simulation [1,2]. At 
present, the relative permeability curve measurement methods include logging data estimation 
method, capillary pressure curve method, fractal method, displacement experiment method, and 
empirical formula method [3–10]. The logging data estimation method and the empirical formula 
method are established on the basis of a large number of core sample relative permeability test curves. 
These samples are mostly medium and high permeability. The relative permeability curve predicted 
by the model is different from the measured relative permeability curve of low permeability and tight 
rock samples. The capillary pressure curve method determines the distribution law of wet phase and 
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non-wet phase in the throat according to the capillary pressure curve, and calculates the relative 
permeability of wet phase and non-wet phase based on the capillary model [4–8]. This method 
assumes that all throats participate in the flow, and does not consider the difference between two-
phase flow and single-phase flow in porous media. The sum of relative permeability of wet phase 
and non-wet phase at a water saturation is always equal to 1, which is inconsistent with the actual 
gas-water two-phase seepage characteristics. Fractal method is similar to mercury injection method 
[9,10]. The steady-state displacement method is difficult to accurately match the injection velocity of 
gas, water in the test process, so it is difficult to achieve the continuous change of saturation in the 
core, and the relevant experimental research is few [11]. The unsteady displacement method 
calculates the gas-water relative permeability of rock core according to the displacement pressure, 
flow rate of gas and water, and unsteady relative permeability calculation formula (JBN), which is 
the most widely method [10–19] now. While the low permeability and tight rock core have small pore 
volume, complex seepage mechanism, discontinuous gas and water flow during the displacement 
process, moreover, the calculation formula contains a derivative term, which requires data continuity, 
while the flow continuity of low permeability and tight rock core test is poor, which leads to poor 
smoothness of the gas-water relative permeability curves obtained by the unsteady state method, 
which limits the application of the relative permeability curves. In the later stage, it is usually 
necessary to manually smoothness treatment based on experience [20].  A new test method of 
"nuclear magnetic resonance + high-speed centrifugal" for gas-water relative permeability curve of 
low permeability tight sandstone is established by using NMR technology, which improves the test 
method of gas-water relative permeability curve and solves the problem of gas-water relative 
permeability curve test of low permeability and tight gas reservoir. 

2. Characterization of Micro Pore Structure by NMR 
The capillary model shows that the throat distribution law of the core determines the core 

seepage ability and the two-phase seepage law. Based on this, Purcell (1949) established the 
calculation method of oil-water relative permeability curve by the capillary pressure curve [6], and 
Budrdine (1953) proposed the concept of tortuosity and improved the calculation model [7]. 
Therefore, the establishment of a more rapid and efficient test method of throat distribution curve is 
profit to promotion of the gas-water relative permeability curve test method. 

Mercury injection and NMR testing are important means to characterize the micro pore structure 
of reservoirs. Mercury injection curve mainly reflects the throat size and its controlled saturation [21–
25]. NMR curve is mainly used to quantitatively reflect the distribution law of micro pore size and 
fluid mobility of the reservoir. It has become the main test method of core pore structure [21–23] 
because of its small requirements on test core shape, fast test speed and pollution-free. Establishing 
the conversion relationship between Mercury injection and NMR testing is helpful to quickly obtain 
the throat distribution curve of the core. In order to establish the conversion relationship between 
mercury injection curve and NMR curve of the core, taking low permeability and tight sandstone in 
Sulige gas reservoir as the research object, typical rock samples were selected for mercury injection 
and NMR test experiments. The core permeability was 0.01-1mD, average 0.28mD, porosity 4% ~ 16%, 
average 10%, the maximum mercury injection saturation 80% ~ 99%, and average 94%. According to 
the permeability, the core was divided into two types: tight: 0.01-0.1md and low permeability: 0.1-
1md. Figures 1 and 2 are typical mercury injection curves and NMR curves of low permeability core 
and tight core respectively. In order to eliminate the difference of nuclear magnetic signal amplitude 
caused by core pore volume, the relative amplitude of nuclear magnetic signal is taken as the vertical 
coordinate in Figure 2. The relative amplitude of nuclear magnetic signal is defined as follows: 
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Where : N- number of nodes of NMR curve，here N=64；δ- NMR signal amplitude；β- Relative 
amplitude of nuclear magnetic signal,%, i , j-nodes. As can be seen from the expression: β reflects the 
percentage of pores corresponding to each relaxation time in the total pores of the core, and can well 
describe the relative number of various pores. 
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(a) Low permeability core 

 

（b） Tight core 

Figure 1. Mercury injection test curve of typical sandstone core. 
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（b）Tight core 

Figure 2. NMR T2 spectrum curve of typical sandstone core. 

It can be seen from Figures 1 and 2 that the mercury injection curves of sandstone at the same 
permeability level coincide with each other, with only slight differences, which can be characterized 
by the normalized mercury injection curves of cores at the same permeability level. The mercury 
injection curves of cores with different permeability are significantly different. The mercury injection 
threshold pressure of low permeability cores with permeability of 0.1-1md is less than 1MPa, and 
that of tight cores with permeability of less than 0.1md is generally greater than 1MPa. The NMR 
curve also shows similar characteristics. The NMR curve of the core with the same permeability level 
coincides. It can be characterized by the normalized NMR curve of the core with the same 
permeability level, and the small pores of the tight core account for more. This feature may be related 
to the good homogeneity of sandstone and strongly self-similarity of pores [26,27]. Therefore, 
theoretically, a normalized mercury injection curve and NMR curve can be used to represent the 
distribution law of pore and throat in low permeability and tight sandstone reservoirs. 

Figure 3 is the normalized throat radius accumulation curve of mercury injection and T2 
relaxation time accumulation curve of NMR of the test core, wherein the throat radius from mercury 
injection is calculated and determined according to the mercury injection pressure, interface tension 
and capillary pressure formula. It can be seen that the normalized mercury injection throat radius 
accumulation curve is basically consistent with the normalized NMR T2 relaxation time accumulation 
curve, which proves that there is a good positive correlation between the T2 relaxation time and the 
mercury injection throat radius of low permeability tight sandstone, and the relationship is as follows: 

 T
R


  (2) 

Where: R - throat radius, µm, λ- ratio: according to the comparison of T2 relaxation time accumulation 
curve and throat radius accumulation curve from mercury injection of low permeability core and 
tight core, the ratio of low permeability core is 50 and that of tight core is 70. At this situation, the 
normalized throat radius accumulation curve from mercury injection and the normalized T2 
relaxation time accumulation curve of NMR coincide, and the correlation coefficient of fiĴing relation 
R2 is 0.93 and 0.95 respectively. Therefore, according to formula (2) and T2 relaxation time curve, the 
cumulative distribution frequency curve of throat radius of low permeability and tight sandstone 
core can be inversed, and the throat radius distribution law can be obtained by NMR. 
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(a) Low permeability core 

 

（b）Tight core 

Figure 3. NMR T2 spectrum curve and throat radius from mercury injection test of sandstone core. 

In order to further verify that there is a good correlation between the T2 relaxation time from 
NMR and the throat radius from mercury injection test of low-permeability and tight sandstone, the 
distribution curve of the throat radius can also be inversed according to the T2 relaxation time from 
NMR to a certain extent. Similar samples are used to conduct NMR and mercury injection test 
simultaneously. The porosity and permeability of similar samples are 0.152mD, 12.3% and 0.151mD, 
12.5% respectively, and the maximum mercury injection saturation of the core is 94%. It should be 
noted that the sample size of NMR test is not consistent with that of mercury injection test, and the 
core after mercury injection test cannot be reused. Therefore, one core cannot be used to carry out 
NMR and mercury injection test at the same time, and only similar samples can be used to carry out 
comparative experiment verification. 

The cumulative distribution curve of throat radius can be directly obtained by mercury injection 
test. The cumulative distribution curve of throat radius from NMR can also be calculated according 
to formula (2). The vertical coordinate of the cumulative distribution curve is derived from the throat 
radius to obtain the throat radius distribution frequency curve. The throat radius distribution 
frequency curve from mercury injection and NMR are shown in Figure 4. The results show that the 
throat radius distribution frequency curves obtained by the two methods of similar sample are about 
the same. With the increase of throat radius size, the throat radius frequency becomes smaller and 
smaller, the frequency of throat radius which is greater than 2µm is close to 0. The throat radius 
frequency of the core obtained by two methods only has some slight differences locally. Therefore, 
the throat radius distribution frequency curve of the low permeability and tight core obtained by 
NMR inversion can well represent the distribution law of the core throat radius. 
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Figure 4. Throat radius distribution frequency curve of similar sample by two methods. 

3. The Test Method and Principle of "Nuclear Magnetic Resonance + High-Speed Centrifugation" 
for Gas-Water Relative Permeability Curve 
3.1. The Test Method 

The core with 100% saturated formation water is placed in a high-speed centrifuge. The 
centrifuge with a maximum centrifugal speed of 12000r/min. The high-speed rotation generates 
centrifugal force, the water in the rock core is thrown out and air enters the core to achieve the 
continuous change of core water saturation. Generally, the greater the centrifugal force, the more 
water will be separated, and the lower the residual water saturation will be. [19] Then, the water 
saturation of the core and the pore throats radius participating in the gas-water two-phase flow are 
determined through the NMR test. Therefore, the gas-water relative permeability curve of low-
permeability and tight sandstone can be tested through NMR + high-speed centrifugation. The test 
process is as follows: 

Step 1: select the plunger sample with a diameter of 2.5cm and a length of 3cm. According to the 
National standard core analysis method of GB/T29172-2012[27]， the low permeability and large 
flow resistance characteristics of low permeability and tight sandstone [28–31], vacuum the plunger 
sample and pressurize 10MPa to saturate formation water for 48 hours to ensure that the sample 
water saturation reaches 100%, take it out and weigh it with a balance to obtain the sample pore 
volume and porosity; 

Step 2: Test T2 spectrum of core with 100% water saturation by NMR (red line in Figure 4); 
Step 3: Put the core in a centrifuge, centrifuge it for 30min with a centrifugal force of 50psi, take 

out the core, weigh it with a balance, and test T2 spectrum curve by NMR; 
Step 4: Increase the centrifugal force, repeat step 3, and complete the core balance weighing and 

nuclear magnetic T2 spectrum test after centrifugation and the centrifugal force is 100psi, 150psi, 
200psi, 250psi and 300psi in turn, obtain the nuclear magnetic T2 spectrum curve of core under 
different centrifugal force [27] (Figure 5), and complete the core centrifugation NMR gas-water 
relative permeability curve test. The centrifuge can simultaneously centrifuge 2, 3, 4 or 6 cores with 
the same weight and specifications (ensure that the center of gravity of the core holding turntable is 
at the center of the turntable), which can greatly improve the speed of the core centrifuge experiment. 

 
Figure 5. NMR T2 spectrum curve after different centrifugal force. 
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With the increase of centrifugal force, the water saturation gradually decreases, and the change 
of water saturation in each centrifugation becomes smaller and smaller（Figure 6） . Until the 
centrifugal force reaches 300psi, the water saturation tends to be constant. If the centrifugal force 
increase, the water saturation basically does not change and reaches irreducible water state. 
Consistent with the existing literature, the water saturation after centrifugation at 300psi can be 
regarded as the irreducible water saturation [28]. Moreover, the centrifugal test process of 100% 
saturated water rock sample is consistent with the process of testing the gas-water relative 
permeability curve in rock core by standard displacement method, in this process the gas drive water 
and water saturation gradually decrease [20]. Therefore, the core centrifugal test can be used to 
simulate the gas drive water experiment to test the gas-water relative permeability curve. 

 
Figure 6. Water saturation of rock core after different centrifugal force. 

3.2. Calculation Model of Gas-Water Relative Permeability Curve 
According to the T2 spectrum curve from NMR, the water saturation of the core under different 

centrifugal conditions can be accurately calculated. A large number of core experiments show that 
the core saturation obtained by NMR method is consistent with the core saturation obtained by 
weighing method [20]. The calculation formula of water saturation of the core from NMR is as 
follows: 
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（3） 

Where： 0, j
 - The signal amplitude corresponding to core relaxation time Tj when core is 100% 

saturated with formation water； ,k j
- The signal amplitude corresponding to the relaxation time Tj 

after the k times of centrifugation of; Sw,k- Water saturation after the k times of centrifugation，%；
k- order number（k=0,1…,m），where m is the cumulative number of centrifugation of the core. 

The denominator of formula (3) is the cumulative amplitude of core nuclear magnetic signal 
when the core is 100% saturated with formation water. According to formula (3) and Figure 4, T2 
spectrum curve of the core under different centrifugal forces can calculate the corresponding water 
saturation change curve of the core under six different centrifugal forces (Figure 5). 

Similarly, according to formula (2) and formula (3), the T2 relaxation time is converted into throat 
radius from the NMR, unit: µm. The centrifugal force changes to the corresponding water saturation, 
thus obtaining a new type of nuclear magnetic T2 spectrum curve of the core with the water saturation 
as the legend, taking the throat radius from the nuclear magnetic as the abscissa and the T2 amplitude 
value as the ordinate, representing the relative content of water in the throat of different radii (Figure 
7). It lays a foundation for testing the gas-water relative permeability curve of low permeability and 
tight rock core by "nuclear magnetic resonance + high-speed centrifugation". 
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Figure 7. NMR T2 spectrum curve with different water saturation. 

According to the meaning of the new type of T2 spectrum curve of the core from NMR, through 
the comparison of the T2 spectrum curve of the core from NMR with different water saturation and 
the irreducible water state in Figure 7, the relative number of the throat of radius Rj participating in 
the flow can be determined when the water saturation is Sw，k and the expression is as follows: 

 , , ,k j k j m j     （4） 

It is assumed that the core seepage channel is composed of throats with different radii. The fluid 
in a single throat is single-phase gas or water. The number of throats occupied by gas is proportional 
to gas saturation（1-Sw,k）, and the number of throats occupied by water is proportional to water 
saturation (Sw，k). Therefore, according to the capillary bundle permeability model [4], when the water 
saturation is Sw，k, the water phase permeability is: 
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Where: βm,j—nuclear magnetic signal amplitude corresponding to relaxation time Tj of irreducible 
water; Kw,k -water phase permeability of core after k times of centrifugation, µm2, when k=0, Kw,k is 
the core permeability measured by water; C-constant, a core has same C value which only affects the 
calculation value of core absolute permeability and has no effect on relative permeability. 

Similarly, when the water saturation is Sw，k, the gas phase permeability is: 
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Where： Kg，k- the gas phase permeability after k times of centrifugation, µm2. 
Formula (5) and formula (6) are divided by the water phase permeability when the core water 

saturation is 100%, and the water phase relative permeability and gas phase relative permeability of 
the core are obtained: 
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Formula (7) and formula (8) give the calculation formula of gas-water relative permeability of 
low-permeability and tight sandstone. Combined with formula (3), the calculation model of gas-
water relative permeability curve of low-permeability and tight sandstone core is obtained. Since the 
calculation model of the gas-water relative permeability curve is based on the core high-speed 
centrifugation and NMR experiments, it is called the core "nuclear magnetic resonance + high-speed 
centrifugation" gas-water relative permeability curve test method. In addition, a large number of 
experiments show that the core T2 spectrum curve from NMR is smooth, and formula (3), formula (7) 
and formula (8) are integral formulas without derivative terms. Therefore, the smoothness and 
continuity of the core gas-water relative permeability curves obtained by the new method are beĴer 
than those obtained by the displacement experiment method, and can be directly used for gas 
reservoir engineering analysis and numerical simulation [21]. 

4. Verification of the new test method 
In order to verify the reliability of the "nuclear magnetic resonance + high-speed centrifugal" gas-

water relative permeability curve test method for low-permeability and tight sandstone, four low-
permeability and tight sandstones from Sulige were selected for gas-water relative permeability curve 
test. Figures 8 and 9 respectively show T2 spectrum curves from NMR of two similar samples 
(permeability of 3.1 ~ 3.8mD, porosity of 10.5% ~ 10.7%) under different centrifugal forces and the 
relative permeability curves of gas-water in the rock core obtained by the "nuclear magnetic 
resonance + high-speed centrifugation" method. The shape of T2 spectrum curve obtained by two 
similar samples under different centrifugal forces is consistent with that of gas-water relative 
permeability curve, which indicates that the new method has good stability and repeatability, and 
meets the requirements of scientific experiments and test methods. 

 

(a) K=3.1mD、φ=10.5% 

 

(b) K=3.8mD、φ=10.7% 

Figure 8. NMR T2 spectrum curve of similar rock core after different centrifugal force. 
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Figure 9. Relative permeability curve from NMR+ high-speed Centrifugation of similar rock core. 

Figure 10 shows the T2 spectrum curve from NMR and the relative permeability curve of gas-
water of tight sandstone cores with different permeability levels. Comparing the experimental results 
of low permeability rock samples (Figures 7 and 8), it is found that the core with lower permeability 
has smaller micro pores, less pore water available by centrifugation, higher core residual water 
saturation, and lower final gas-phase seepage capacity, which is completely consistent with the 
understanding of gas-water two-phase seepage law of low permeability and tight sandstone [26–28], 
further proving the reliability of the new method. 

 

(a) T2 spectrum curve from NMR(K=0.01mD) 

 

(b) Relative permeability curve of rock core (K=0.01mD) 
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(c) T2 spectrum curve from NMR(K=0.1mD) 

 

（d）Relative permeability curve of rock core (K=0.1mD) 

Figure 10. NMR T2 spectrum curve and Relative permeability curve of different permeability rock core. 

It is feasible to test the gas-water relative permeability curve of low-permeability and tight 
sandstone core by "nuclear magnetic resonance + high-speed centrifugation". Compared with 
conventional displacement method, the new method has the following advantages: the core diameter 
is 2.5cm, the length is 3cm, the centrifugal force was 50, 100, 150, 200, 250 and 300psi in turn, and 
centrifuged for 30min each time. The echo interval during NMR test is 0.2ms. The size of the test 
sample and the test process are unified and meet the requirements of the standardized experiment; 
The new method can test up to 6 cores at a time, which can greatly improve the test speed. In addition, 
the unsteady state displacement method in the national standard GB/T28912-2012 determination 
method of relative permeability of two-phase fluid in rock calculates the gas-water relative 
permeability curve in the rock core through derivation. Due to the complex two-phase flow 
mechanism of low permeability and tight sandstone and the discontinuity of gas and water flow in 
the unsteady displacement process, the continuity of the gas-water relative permeability curves 
obtained by the existing standards is poor, and usually requires post-processing before they can be 
used for gas reservoir engineering calculation, The new method calculates the gas-water relative 
permeability in the rock core through integration. The calculated gas-water relative permeability 
curves have beĴer continuity and smoothness, which provides a more effective and practical means 
for understanding the gas-water relative permeability in low permeability and tight sandstone 
reservoirs and gas reservoir engineering calculation. 

Compared with mercury injection method, the new method of gas-water relative permeability 
curve test takes into account the difference between two-phase flow and single-phase flow. The new 
method does not assume that all throats participate in the flow, but subdivides the throats into throats 
participating in the flow and not participating according to the comparison of T2 spectrum curves 
from NMR with different water saturation, Then the gas-water relative permeability curve in rock 
core are calculated according to the capillary bundle model of core permeability.  

The same is true for gas and water two-phase seepage in actual rock core. Unlike single-phase 
gas or single-phase water seepage, all throats participate in the flow. Due to the capillary effect, only 
part of throats participates in the two-phase flow of core. Especially for low permeability and tight 
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core, the capillary effect is significant in two-phase flow and there are relatively few throats 
participating in the flow in two-phase flow. So the irreducible water saturation is high, and the two-
phase seepage resistance is significantly greater than the single-phase seepage. Therefore, the gas-
water relative permeability curves obtained by "nuclear magnetic resonance + high-speed 
centrifugation" method can beĴer reflect the characteristics of gas and water two-phase seepage in 
low permeability and tight cores than those obtained by mercury injection method. 

5. Conclusions 
(1) The NMR and mercury injection curves of a large number of cores show that the cumulative 

distribution curve of T2 spectrum from NMR of low permeability and tight sandstone is 
consistent with the cumulative distribution curve of throat from mercury injection test. The T2 
spectrum curve from NMR can characterize the distribution law of pore size and throat size. 

(2) The gas-water relative permeability curve in rock core obtained based on NMR, high-speed 
centrifugal experiment and classical Poiseuille equation can effectively represent the 
production performance of gas and water in the process of gas reservoir depletion 
development, and truly reflect the gas-water relative permeability of in tight sandstone 
reservoir, providing a direct and reliable experimental curve for gas reservoir engineering and 
numerical simulation research. 

(3) The "nuclear magnetic resonance + high-speed centrifugation" test method for gas-water 
relative permeability curve of low permeability and tight sandstone reservoir has obvious 
advantages: the test sample size and test process are unified, high test efficiency, high test 
accuracy. The gas-water relative permeability curve obtained by numerical integration have 
good continuity and good application prospects. It is recommended to popularize them. 
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