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Abstract: Accurate estimation of rock 

permeability and porosity play a crucial role in the 

evaluation of oil and gas reservoirs. This 

evaluation is however, challenging in tight 

formations such as shale due to the slow transition 

of fluid in such formations with extremely-low 

permeability. To overcome the long experimental 

time of conventional techniques for permeability 

measurement (steady-state methods), transient 

methods such as pore pressure oscillation method 

has been proposed for laboratory measurement of 

permeability in tight formations. In this method, 

sinusoidal pore pressure oscillation is applied at 

upstream side of reservoir core sample and the 

response of the sample at the downstream side is 

evaluated. In this paper, the experimental 

technique for permeability and porosity 

measurement is simulated using CFD module of 

COMSOL Multiphysics and the results are 

compared with analytical solutions. An excellent 

agreement between CFD and analytical data is 

observed and the results are analyzed and 

discussed in details. Finally, two different 

scenarios are defined for 6 heterogeneous samples 

and the response of this technique to such cases 

are analyzed and studied.  

 

Keywords: Permeability, Porosity, Pressure 

Oscillation Method, CFD, Tight Formation. 

 

1. Introduction 

 

By advances in technology and knowledge of 

petroleum engineering, geology, and geophysics, 

unconventional reservoirs have become relatively 

a considerable portion of oil and gas resources 

around the world. Tight gas sands, oil and gas 

shales, and coalbed methane are examples of 

unconventional reservoirs. The word 

unconventional comes from the fact that these 

reservoirs have extremely low permeability and 

they need special recovery operations outside of 

the conventional recovery practices to extract the 

existing hydrocarbons. Accurate evaluation of 

porosity and permeability plays a crucial role in 

reservoir characterization since these two 

parameters are used to estimate the reservoir 

drainage area and optimize the well spacing, 

drilling, completion, and production procedures 

[1]. For tight reservoir samples, conventional core 

analysis techniques are not practical due to very 

low permeability and very long flow transition 

time in the core samples.  

Core analysis techniques can be categorized 

into two groups of steady state (SS) and unsteady 

state (USS) techniques. In SS methods, 

permeability can be calculated from Darcy’s 

equation by applying a constant pressure head or 

a constant fluid flow rate at one side of the core 

and monitoring the established flow rate or 

pressure head at both sides. In case of using SS 

methods for tight samples, apart from requiring a 

long time (days or even weeks) to get an 

established flow along the sample, the imposed 

high pressure gradient creates considerable stress 

fields inside the core samples. Depending on the 

core mechanical properties, stress fields can 

change the structure of the core, which can result 

in inaccurate measurement of permeability and 

porosity. To show the importance of considering 

the effects of high pore pressure on formation 

characterization, Mokhtari et. al. investigated the 

stress dependent permeability, anisotropy, and 

wettability of shale samples and presented the 

effect of stress on the permeability of such 

fractured reservoirs [2].  

Pulse-Decay method as the first USS or 

transient method was developed and used by 

Brace et al at 1968 [3]. Later, Boinott used the 

complex pore pressure transient method to 

measure the permeability of rocks and examined 

the ability of this method to use them for samples 

with higher permeability [4].  Generally, USS 

methods are developed mathematically based on 

analyzing the transient response of pressure at the 

downstream side of core to the pressure 

perturbation (e.g. step or sinusoidal pressure 

variation) at the upstream side of it [5][6] 
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therefore, they can be conducted in a considerably 

shorter period of time compared to SS methods 

[7][8]. In pressure oscillation technique, a 

sinusoidal variation in pressure with a specific 

frequency and amplitude (which is usually less 

than 10% of pore pressure) gets applied at the 

upstream side of the core. The pressure response 

at the downstream side will be a sinusoidal wave 

with the frequency but with a phase shift and 

attenuated amplitude.  

The pressure response at the downstream is 

initially a combination of transient response 

(exponential decay) and steady state response 

(sinusoidal). The transient part eventually fades 

away and only the steady state sinusoidal wave 

gets observed. Therefore, the pore pressure 

oscillation technique can be considered as a 

combination of both SS and USS techniques. 

Pressure oscillation method was originally 

developed as an extension of a method for 

measuring hydraulic diffusivity by Kranz et. al. 

[9]. Later, the theoretical background, data 

analysis, and design considerations in 

experiments, were discussed in details by Fischer 

[10]. Bernabé et. al. rearranged the analytical 

formulation and redefined the amplitude 

attenuation and phase shift of downstream 

pressure wave as functions of dimensionless 

permeability and dimensionless porosity [11]. 

Song and Renner applied pressure analysis and 

flow analysis methods to evaluate the application 

of pore pressure oscillation method on two 

Fontainebleau sandstone samples [12]. Bennion 

and Goss examined the theory and presented 

correlations to design sinusoidal pressure 

experiments to get the frequency response data 

and characterize the porous medium and its fluid 

properties [13].  

However, in case of very low permeability 

samples, the pressure response at the downstream 

side can be greatly affected by the variations in 

temperature during the course of experiment and 

also by the existing noises from the lab 

instruments or the surrounding environment. In 

the other words, even small magnitudes of error 

in reading the pressure response at the 

downstream side can lead to inaccuracies in 

estimation of porosity and permeability. In 

addition, the theories behind these techniques are 

derived based on the assumptions of homogeneity 

and isotropy of samples which are not valid in 

many cases. Mokhtrai and Tutuncu showed the 

importance of accurate determination of 

permeability in shale samples due to anisotropy 

[14], heterogeneous nature of shale formations, 

presence of lamination, and existence of induced 

or natural fractures in their structure [15] it is still 

challenging to accurately measure their 

properties. Due to complexity of including the 

different effects such as temperature, 

heterogeneity, and anisotropy in analytical 

formulation of oscillation pressure methods, it is 

not possible to study their effect by analytical 

techniques.  

Computational Fluid Dynamics (CFD) as a 

cheap and robust tool can be always utilized to 

mimic physical conditions that are impossible, 

difficult or very time consuming to be modeled in 

laboratory experiment. Petroleum engineering as 

well as other engineering fields is benefiting from 

the advantages of CFD and numerical 

simulations. Salehi et. al. utilized CFD to model 

the formation of filter cake on wellbore core 

surface [16] and Mokhtari used CFD to 

characterize the anisotropy in organic-rich shale 

[15].  

In this paper, we simulated the experimental 

pressure oscillation technique for permeability 

and porosity characterization using CFD module 

of COMSOL Multiphysics. We compared the 

results with analytical solutions to validate and 

initiate the applications of CFD for further 

researches on measurement of permeability and 

porosity in samples not fit to the assumptions of 

analytical formulations of this technique. In next 

sections, the theoretical background and 

derivation of analytical solutions for the flow 

governing equations, the methodology, the 

simulation results, and the effect of different core 

and operational parameters in experiments are 

presented and discussed in details.  

 

2. Methodology 

 

2.1 Analytical Formulation 

 

In pressure oscillation method, a sinusoidal 

pressure wave is applied at the upstream side of 

the core and once it travels through the porous 

media of core sample, its amplitude attenuates and 

its phase shifts. These two parameters are unique 

for samples with different porosity and 

permeability therefore, by having the analytical 

formula for the amplitude attenuation and phase 

shift as a function of permeability and porosity, 

these two variables can be calculated based on the 
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experimental results. The continuity and Darcy 

flow equation in porous media can be defined as: 
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defining ps /  as the storage capacity, 

equation (3) can be rewritten as: 

0
2

2











x

pk

t

p

s
 (4) 

In fact, equation (4) is the diffusion equation 

which defines the change in pressure with respect 

to time and distance along the core sample. In a 

sample with length L, the upstream boundary 

condition for pressure with frequency  , is 

defined by a sinusoidal pressure function of time: 

LxtPtLp A  ),sin(),(   (5) 

where, AP  and  are pressure wave amplitude at 

upstream reservoir and the pressure wave initial 

phase. At downstream, boundary condition can be 

defined by combining ideal gas equation with 

Darcy’s equation. From the Darcy equation and 

the assumption of ideal gas at a downstream 

reservoir with the volume of DV we have: 
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Defining pVDd / as the storage of 

downstream reservoir (the required volume of 

fluid at pressure p to cause one unit change in 

pressure), equations (6) and (7) can be combined 

and the governing condition at the downstream 

boundary can be derived as:  
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Using Laplace transformation and Brownian 

integral for the inverse Laplace transformation 

[10], the permanent and transient solutions of 

equation (4) can be defined as [10]: 
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where, 

  k  = the permeability of core sample 

   = the frequency of pressure wave 

  x  = the distance from downstream reservoir 

   t  = the time at experiment 

 AP = the amplitude of oscillated pressure wave 

 A  = the cross-sectional area of core sample 

   = the viscosity of pore fluid 

 d = the storage of downstream reservoir 

and n is the roots of  






d

s AL
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s or the sample storage capacity is defined as the 

combination of bC (the bulk compressibility of 

the core sample), fC (the compressibility of core 

fluid), rC (the compressibility of core sample 

rock), and  (the porosity of core sample) [3]: 


s

 bC fC rC)1(    (13) 

In order to simplify equations (10) and (11), the 

dimensionless porosity and the dimensionless 

permeability  can be defined as: 
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where rA is the upstream to downstream pressure 

wave amplitude ratio )10(  rA and   is the 

phase shift of downstream pressure wave with 

respect to upstream pressure wave phase. 

 

2.2 Experimental Procedure 

 

Figure 1 shows the schematic diagram of 

experimental setup. Before starting the test, the 

sample gets stabilized at pore pressure
0P  and then 

a sinusoidal pressure wave with known amplitude 

(5% to 10% of pore pressure 0P ) and initial phase 

is applied to the upstream side of a core plug, 

placed inside a core holder and confined by 

pressure cP . In downstream side, the pressure 

value is recorded and by comparing it to its values 

at upstream side, the pressure wave amplitude 

attenuation and pressure wave phase shift gets 

calculated. Then, based on known values of core 

sample cross section area A , length of sample L , 

pressure wave period T , viscosity of pore fluid 

, and storage of downstream reservoir
d , the 

values of porosity  and permeability k  get 

calculated from equation (15). 

 

 

 
 

(a) 

 

  
(b) 

 
Figure 1: Schematic diagram of experimental setup 

(a), an example of pressure data recorded at upstream 

and downstream reservoirs (b) [17]. 
 

At the beginning of pressure data recording in 

downstream, the pressure response is always a 

combination of permanent and transient 

responses. Therefore, in order to obtain the 

amplitude attenuation and phase shift only from 

the permanent pressure response and to have the 

effects of transient part faded away, it is required 

to do the experiment and record the data for at 

least several periods of pressure wave. 

 

2.3 CFD Modeling  

   

We used time dependent solvers of COMSOL 

to simulate flow through porous media. The 

governing transport equations are conservation of 

mass and Darcy equations:  

0).()( 



u

t
  (16) 

p
k

u 


 (17) 

where ,  , u are porosity of porous domain, 

density of pore fluid, and the velocity of fluid. To 

mimic the experimental setup conditions and by 

considering that the volume of upstream reservoir 

has no effect on pressure response at downstream 

side, we created the geometry of CFD model from 

two parts of core plug and downstream reservoir. 

Core plugs are cylindrical so, the flow inside the 

core is symmetric and uniform over the cross 

section of core. As a result, a 2D model can be 

used to accurately capture the physics of problem 

and save the computational time. Figure 2 shows 

the COMSOL CFD model with a medium mesh 

resolution (created by mapped mesh feature of 

COMSOL and based on the defined distributions 

on each face) as well as the defined boundary 
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conditions. In CFD models, we did not consider 

the effects of existing stresses generated by the 

pore pressure on permeability and porosity of 

model. Therefore, there was no need to define the 

confining pressure for the model and “no-flow” 

boundary condition could mimic the conditions at 

all surrounding boundaries except the upstream 

boundary. At upstream, the pressure wave was 

defined by the user as )sin( 0  tcPp o where c ,

oP , , t , and 0  are pore pressure wave 

amplitude ratio, pore pressure, pressure wave 

frequency, time, and initial phase of pressure 

wave. 

 

 
 

(a) 

 

 
(b) 

 
 

Figure 2: COMSOL model geometry (a), created 

computational mesh over the model domain (b). 

 

At the interface of core plug and downstream 

reservoir, an abrupt change in media’s 

characteristics might result in divergence of 

solution especially when the core porosity and 

permeability are very low and the pressure is high. 

In these cases, the discontinuity in physics of 

porous media causes high gradients in velocity 

profiles at this interface and results in limitations 

for transient simulation time stepping. As the 

result, in order to avoid stability issues, smaller 

time steps are required and overall time of 

simulation will be much longer. In this case, we 

defined the downstream reservoir as a second 

porous media as a high porosity )9.0(   and 

high permeability )10( 26 mk  porous media. 

Defining the downstream reservoir high porosity 

and permeability, not only can mimic the 

reservoir as an almost non-porous media but also, 

improves the stability of solution and results in 

several times faster convergence of solution. It is 

just important to consider the real volume of 

downstream reservoir in calculations using 

analytical formulations. The Multifrontal 

Massively Parallel sparse direct Solver (MUMPS) 

was used as the time dependent direct solver to 

solve the governing equations for a single phase 

gas flow. In fluid properties section, the density of 

fluid can be either defined as ideal gas or the 

density can be directly defined by the user as

00 / pp  . In matrix properties section, based on 

the assumptions of homogenous and isotropic 

porous media in analytical formulation, the value 

of permeability should be defined as isotropic 

permeability. 

 

3. Results and Discussion 
 

3.1 CFD Model verification 

  

In this section, we investigate the application 

of CFD in modelling pressure oscillation method 

for homogenous and isotropic cases. A good 

agreement of simulation results with analytical 

data can guarantee the application of CFD for 

modelling and studying the details of pressure 

oscillation method for more complex cases like 

heterogeneous and anisotropic core plugs where 

the existing analytical formulations are not valid. 

In fact, equations (10) and (11) are derived based 

on simplification assumptions of homogeneity 

and isotropy of core plug. A good number of cases 

with different permeability and porosity were 

defined and modeled under different downstream 

reservoir sizes and pressure wave frequency to 

verify the accuracy of CFD in capturing the 

physics of problem. Table 1 shows the details of 

each simulated case.  

     
Table 1: Defined COMSOL CFD models. 

 

Model )( 2mk    )(mmLD  )(sT  

1 10-18 0.06 50 1200 

2 10-18 0.06 50 2400 

3 10-18 0.06 25 1200 

4 10-18 0.06 25 2400 

5 10-18 0.06 5 1200 

6 10-18 0.06 5 2400 

7 10-17 0.09 50 600 

8 10-17 0.09 50 1200 

9 10-17 0.09 25 600 

10 10-17 0.09 25 1200 

11 10-17 0.09 5 600 

12 10-17 0.09 5 1200 
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Other parameters such as length of core plug L , 

magnitude of pore pressure 0P , amplitude of 

pressure wave at upstream upstreamA , and the 

viscosity of pore fluid   are kept constant for all 

models and are summarized in Table 2. 

 
Table 2: Parameters of COMSOL CFD models. 

 

)(mmL  )(0 paP  )( paAupstream  ).( spa  

50 5 106 5 105 1.76 10-5 

 

In order to be consistent in modeling, each 

model was simulated by the time dependent 

solver for 36 cycles of its wave period using time 

steps of 1 second and at post-processing the 

values of amplitude attenuation ratio (ratio of 

pressure wave amplitude at upstream to its value 

at downstream) and phase shift were calculated. 

The number of cells in sample part was 50 for all 

models and depending on size of downstream 

reservoir, the number of cells at downstream are 

5, 25, and 50. Figure 3 shows the comparison of 

pressure data at downstream for CFD model and 

analytical solution during the entire time of 

modeled test.  

 
Figure 3: Comparison of CFD and analytical solution 
for the model with permeability of 10-18 m2 porosity 

of 0.06, pressure wave period of 1200 seconds, and 

downstream reservoir length of 25 mm. 

 

As it can be seen in Figure 3, not only the 

details of permanent part of solution such as 

amplitude attenuation and phase shift are 

perfectly captured with CFD model but also, the 

attenuation of transient pressure magnitude (in 

first 12 period of wave) is in very good agreement 

with analytical solution. Based on this excellent 

agreement, we only compared the values of 

amplitude attenuation and phase shift of CFD 

models and analytical solutions for other models.  

Figures 4 and 5 summarize the results of all 12 

models (listed in Table 1) for various values of 
rA

(the upstream to downstream pressure wave 

amplitude). As it was expected, for the same wave 

period size of downstream reservoir, the higher 

the permeability and porosity, the higher pressure 

wave ratio and phase shift will be. As it can be 

seen from Figures 4 and 5, the negligible 

difference of results justifies the application of 

CFD in modeling pressure wave oscillation 

technique for calculation of permeability and 

porosity.  

 
Figure 4: Comparison of amplitude attenuation in 

CFD models and analytical solution results. 

    
Figure 5: Comparison of phase shift in CFD models 

and analytical solution results. 
Table 3 summarizes the values of relative error 

(calculated based on equation (18)) for CFD 

model in both amplitude and phase shift of 

downstream pressure wave. 

100(%) 



valuesolutionanalytical

valuesolutionanalyticalvalueCFD
E  (18) 
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The maximum error value of 3.79% for pressure 

wave amplitude and 2.23% for phase shift show 

the accuracy of CFD and our COMSOL model in 

capturing the physics of the problem. 

 
Table 3: Relative error of CFD models. 

Model  

number 

Wave amplitude  

error (%) 

Phase shift  

error (%) 

1 1.94 1.40 

2 1.09 1.72 

3 3.28 0.87 

4 1.33 0.63 

5 3.54 1.61 

6 2.95 1.40 

7 2.99 0.26 

8 1.08 0.73 

9 3.79 0.99 

10 2.42 1.28 

11 1.97 2.23 

12 0.51 1.10 

 
Information in Tables 3 shows that in most of 

the CFD models with same permeability and 

porosity, the magnitude of both amplitude 

attenuation error and phase shift error, decrease 

once the period becomes longer. This may due to 

having smaller gradients of pressure and velocity 

along the model domain and it shows the 

importance of using smaller time steps for models 

with smaller wave periods or higher frequencies. 

 Figure 6 shows the amplitude attenuation and 

phase shift for the pressure wave in different 

locations along the core in model 8 of Table 1. 

 
Figure 6: Pressure wave along length of core sample 

(model No. 8). 

The pressure profiles in Figure 6 are for steady 

state part of solution (no transient effect exists) 

and they show the nonlinear attenuation of wave 

amplitude and phase shift along core sample. 

 

3.2 Heterogeneous CFD Models 

  

 In order to study the physics and behavior of 

pressure oscillation method in heterogeneous core 

samples, three different heterogeneity scenarios 

(different arrangement of layers) were defined 

and simulated for two different sets of 

permeability and porosity. In all models, the total 

length of core sample is mmL 50 , the pressure 

wave period is s2400 , and the length of 

downstream reservoir is mmLD 5 , the initial 

pore pressure is Pap 6105 . Figure 7 shows 

the geometry and details of permeability and 

porosity for each model. Layers number 1 have 

the permeability of 21810 mk  and porosity of 

06.0 while layers number 2 and number 3 

have permeability and porosity values of 
21710 mk  , 09.0 and 21610 mk  ,  1.0

respectively. The length of layers 2 and layers 3 is 

mm10 and the length of layers 1 in models 1, 3, 5, 

and 6 is mm40 and it is mm20 in models 2 and 4. 

 

Model  

1 2 1

 

2 2 11

 

3 21

 

4 3 1

 

5 3 11

 

6 31

 

Figure 7: Heterogonous models geometry. 
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All 6 models were simulated using the same 

modeling techniques for homogeneous cases and 

the results of amplitude attenuation and phase 

shift in downstream reservoir location are 

summarized in Table 4.   

 
Table 4: results of heterogeneous CFD models. 

Model  

number 

Amplitude  

attenuation 

Phase shift  

 

1 0.358 -1.376 

2 0.345 -1.470 

3 0.310 -1.432 

4 0.365 -1.357 

5 0.352 -1.457 

6 0.315 -1.416 

 

As it can be seen from the results, in models 1 to 

6, the amplitude attenuation increases once the 

high permeability/porosity layers move toward 

the downstream reservoir. However, this pattern 

is not observed in phase shift results and samples 

with the layer of high permeability/porosity at the 

middle show greater phase shift values. The 

difference between the responses of samples with 

same layers but different order of placement along 

the core results in different calculated values of 

permeability and porosity. In fact models 1 and 3 

or 4 and 6 are the same and only the location of 

upstream and downstream reservoirs are different 

in them but still a significant difference in their 

response values is getting observed and this 

implies the significance of further study on 

accuracy and application of pressure oscillation 

technique for heterogeneous and/or anisotropic 

cases.  

 

4. Conclusions 
 

Laboratory experiments to measure the 

permeability and porosity using pore pressure 

oscillation method use analytical formulations 

that are derived based on simplification 

assumptions such as homogeneity and isotropy of 

core samples. Not only these assumptions are not 

valid for all cases, but also it is not possible to 

derive analytical formulations for all 

heterogeneous and anisotropic cases. Therefore, 

numerical simulation can be used as a robust tool 

to study different models and investigate the 

response of core samples to pressure wave in 

different scenarios. The pressure oscillation 

method was successfully simulated using 

COMSOL CFD and it showed excellent 

agreement with the analytical results. Overall, in 

CFD modeling with constant time step, models 

with longer pressure wave period showed less 

computational errors compared to those with 

shorter period or higher frequency. It was 

observed that by increasing the period of pore 

pressure wave the amplitude attenuation and 

phase shift decrease. In addition, the results 

showed in models with the same porosity and 

permeability, the larger the size of downstream 

reservoir, the higher the phase shift and amplitude 

attenuation would be. In order to have less 

amplitude attenuation and phase shift in 

laboratory experiments, it is important not to have 

wave frequency higher than certain values and 

keep the size of downstream reservoir as small as 

possible. Finally, three different scenarios in form 

of 6 models of heterogeneity were defined and 

simulated. The significant difference in response 

of each model at downstream reservoir shows the 

importance of further study on behavior of 

pressure oscillation method in measuring the 

permeability and porosity or heterogeneous 

and/or anisotropic core samples. 
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