
 

Four Verification Cases for PORODRY 

  

 

 

We designed four different verification cases to validate different aspects of our numerical 

solution and its code implementation, and these are summarized in Table 1.  

Table 1. Summary of Verification Cases 

Verification Case # General Description 

1 Slit flow; 𝑅𝑒 = 1000 

2 Backward-step flow; 𝑅𝑒 = 805 

3 

Advection of Gaussian (bell-shaped) solute concentration 

profile in flow; 𝑃𝑒 = 1 , 𝑃𝑒 = 100 

4 

Drying of a 21 × 21 pore-network with one side open to the 

constant environment vapor concentration 𝐶∞ = 0. 

Verification 1 is a 2-D incompressible laminar slit-flow, where there is a theoretical result 

available for comparison. Verification 2 is a 2-D backward-step flow, and the results are 

compared with a previous experiment and simulation (Lee, 1998). These two cases are chosen 

to verify our N-S equations solver for the outside flow-field, which is the first step of our 

proposed algorithm. Verification 3 is to simulate a transient 1-D species advection problem 

such that the results are compared with a theoretical solution (Muralidhar, et al., 1993). This is 

used to test the accuracy of the solver for solving the transportation equation which includes 

convection and diffusion. Verification 4 uses the results of a previous pore-network model 

(Shaeri, 2012) to examine our I-P algorithm implementation and thus establish the accuracy of 

our P-N simulation.  



 

1 SLIT FLOW 

Verification 1 is using a 2-D incompressible laminar flow in a slit between two parallel 

plates to test the N-S solver with its Hayase QUICK scheme and SIMPLER algorithm. To 

simulate a fully-developed slit flow, the periodic boundary conditions are set on the inlet and 

outlet sides of the tunnel, and the inlet side is given a higher pressure while the outlet side is 

given a lower pressure. No-slip wall boundary conditions are applied on the top and bottom 

sides, as shown in Figure 1. 

 

Figure 1. A schematic describing the geometry and boundary conditions of the considered 2-D slit 

flow 

In this verification, the distance between slits 𝐻 = 0.1 𝑚; the tunnel length is set equal to 

𝐻; pressure difference between the inlet and outlet is 0.0003276 𝑃𝑎; the fluid is air with its 

density as 𝜌𝑎𝑖𝑟 = 1.204 𝑘𝑔/𝑚3, and dynamic viscosity as 𝜇𝑎𝑖𝑟 = 1.813 × 10−5 𝑃𝑎 ∙ 𝑆. 

The analytical solution to this problem is: 
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According to equation (1), the peak velocity for this case is 0.2259 𝑚/𝑠  while the 

average velocity is 𝑈𝑎𝑣𝑔 = 0.1506 𝑚/𝑠 . As expected, the peak velocity is 1.  times the 

average velocity. The Reynolds Number 𝑅𝑒 = 𝜌𝑎𝑖𝑟𝑈𝑎𝑣𝑔𝐻 𝜇𝑎𝑖𝑟⁄ = 1000. 



 

 
Figure 2.  Velocity Profile Comparison between Theoretical and Numerical Results 

The comparison between the numerical and theoretical results is presented in dimensionless 

form in Figure 2. The numerical results agree perfectly with the analytical results, thus 

establishing the accuracy of our numerical solution for steady-state laminar flow in 2-D. 

2 BACKWARD-STEP FLOW 

Verification 2 is using a 2-D incompressible laminar flow in backward-step geometry, as 

shown in Figure 3, to test the N-S solver with its hybrid scheme and SIMPLE algorithm.  

 
Figure 3. A schematic of the backward-step flow geometry 

The backward step geometry is chosen, because it is widely studied through experiments 

and numerical simulations. By doing this verification, we can examine the ability of our 

implementation to capture the detachment of channel flow at the back of the step and 

subsequent re-attachment. 

As shown in Figure 3, the tunnel height after the step, 𝐷, is 0.03 𝑚; the tunnel height 



 

before the step is 𝐷/2. The tunnel walls have no-slip wall boundary conditions. The flow’s 

inlet average velocity is 𝑈𝑎𝑣𝑔 = 0.4041 𝑚/𝑠  and the fluid is air just the same as that in 

Section 3.1. So the Reynolds number 𝑅𝑒 = 𝜌𝑎𝑖𝑟𝑈𝑎𝑣𝑔𝐷 𝜇𝑎𝑖𝑟⁄ = 805 . To make the results 

comparable to the experiment and simulation by (Lee & Mateescu, 1998), the inlet velocity is 

not uniform—instead it is assigned the fully-developed velocity distribution calculated from 

equation (1). 

 
Figure 4. Velocity contour for the backward-step flow  

 

Figure 5. Numerically obtained backward-step flow velocity profiles at different cross-sections 

Figure 4 shows the velocity contour of our numerical simulation. Note that there are three 

cross sections after the step; their locations are 𝑥 = 5𝐷 , 𝑥 = 6𝐷 , 𝑥 = 7𝐷 , and they are 

marked respectively as black, red and blue lines. Their colors correspond with the colors used 



 

in Figure  , which shows the velocity profiles at the said cross sections. 

In Figure  , the lower left corner at 𝑌 = 0 is the velocity near the lower wall of the tunnel. 

We observe that the velocity turns from negative to positive right between section 𝑥 = 6𝐷 

and 𝑥 = 7𝐷, which implies that the reattachment point is located between these two sections. 

This result is almost identical to the numerical results presented by Lee & Mateescu and is only 

a little off from their experimental result of 7𝐷. This means our numerical implementation of 

the outside flow involving complex flow-circulation and flow-reattachment physics is quite 

accurate, and it allows us to believe that our external-flow simulation can handle much more 

complex flow geometries than currently used in verification case 1 and 2. 

3 ADVECTION OF A GAUSSIAN CONCENTRATION 

DISTRIBUTION  

Verification 3 uses a 1-D salute transport problem with analytical solution to compare with 

the results from our code to examine the accuracy of the operator-splitting solver of the 

transportation equations. This is a 1-D advection problem along the x axis as shown in Figure 

6. We set an initial Gaussian or bell-shaped concentration distribution on the left side of the 1-

D domain. As time goes by, the Gaussian distribution will dissipate and will be pushed to the 

right due to fluid flow from the left side.  

 

Figure 6. Schematic description of the code verification carried out by using the advection of 

Gaussian concentration distribution 

The results of this problem can be calculated by numerically solving the convection 



 

diffusion transportation equation. Its theoretical solution (Muralidhar, et al., 1993) is given as: 

If the Initial distribution is described as 

 𝑡 = 0,  𝐶(𝑥,  0) = 𝑒−𝛼(𝑥−𝑥0)2
 (2) 

in which 𝛼 is a constant parameter for controlling the width of the bell-shaped curve and the 

𝑥0 is a constant locating the center of the curve. The analytical solution to this problem is given 

as 
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Figure 7 compares the analytical solution, equation (3), with the numerical results obtained 

from solving the transportation equations for two different Peclet number values. We observe 

that at the higher Pe with advection dominant, the curves seem to be translating downstream 

with the flow. However, at lower Pe with diffusion dominant, the curves seem to be rooted on 

the left side and seem to be merely stretching with time. But both sets of curves show a decay 

in the maximum height with time, the lower Pe being more so. But it is heartening to note that 

the numerical results match perfectly with the analytical solutions for the considered high and 

low Pe cases. 

 

Figure 7. Advection of Gausian concentration distribution (Left 𝑷𝒆 = 𝟏, right 𝑷𝒆 = 𝟏𝟎𝟎): a 

comparison of the numerical solution with the analytical solution 



 

4 VERIFICATION OF THE I-P ALGORITHM BASED NETWORK 

DRYING MODULE 

 

Figure 8. Verification of drying physics implementation (Left: calculation domain; Right: drying 

time-vs-network saturation plot) 

To validate our I-P algorithm based numerical code for simulating drying inside the pore-

network, we compared our results with the results obtained by our previous, independently-

developed code (Shaeri, 2012). 

This is a 21 × 21  network with one side open to the environment of constant species 

(water vapor) concentration set equal to 0, as shown in Figure 8. The left side shows that  

initially the network is filled with liquid, colored as red; and the environment concentration is 

set as a constant of 0, colored as blue. The right side plots the drying time-vs-network saturation. 

The network saturation is defined as the ratio of the liquid mass present currently in the network 

versus the liquid mass corresponding to the fully-saturated network. The results from the 

present code match perfectly with the results obtained from the previous code, thereby 

established the accuracy of our numerical implementation of the I-P algorithm.  
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