
1. Introduction
Interstitial flows impact biological, ecological, and engineering processes because they regulate the trans-
port of water and transformation of water laden solutes (Boisson et al., 2014; Reeder et al., 2018). Interstitial 
flows have been visualized and measured in laboratory experiments with particle image velocimetry (PIV) 
or particle tracking (PT) techniques coupled with a refractive index-matching (RIM) method (e.g., Basham 
et al., 2019; Blois et al., 2014; Carrel et al., 2018; Häfeli et al., 2014; Holzner et al., 2015; Morales et al., 2017; 
Patil & Liburdy, 2015). The RIM method, whereby both fluid and solid have the same refractive index (RI), 
allows imaging techniques, such as PIV, PT, and planar laser induced fluorescence (PLIF), to avoid imaging 
distortion and blockage of the laser light sheet used for illumination (Budwig, 1994; Wright et al., 2017). 
Past studies have often required specialized toxic or hazardous fluid to match the RI of the solid (e.g., 
Budwig, 1994; Datta et al., 2014; Iskander et al., 2015; Patil & Liburdy, 2015; Satake et al., 2014; Wright 
et al., 2017). This results in expensive experimental set-ups and prevents the analysis of interstitial flows 
within realistic granular pores and with water as a fluid. The latter hinders the ability for interdisciplinary 
investigation of flows and biogeochemical reactions, microbial distribution, and colonization in complex 
three-dimensional (3D) surfaces such as those typically found in soils and sediments.

Abstract Porous media are ubiquitous, a key component of the water cycle and locus of many 
biogeochemical transformations. Mapping media architecture and interstitial flows have been challenging 
because of the inherent difficulty of seeing through solids. Previous works used particle image velocimetry 
(PIV) coupled with refractive index-matching (RIM) to quantify interstitial flows, but they were limited 
to specialized and often toxic fluids that precluded investigating biological processes. To address this 
limitation, we present a low-cost and scalable method based on RIM coupled PIV (RIM-PIV) and planar 
laser induced fluorescence (RIM-PLIF) to simultaneously map both media architecture and interstitial 
velocities. Our method uses irregularly shaped grains made of a fluorocarbon plastic with refractive index 
of 1.36 and specific gravity of 1.93. This allows using a water–glycerin solution for the RIM fluid. By using 
RIM-PIV, we mapped media structure with 2% accuracy, which improved to 0.2% with RIM-PLIF because 
of improved image contrast.

Plain Language Summary Pore flows, the flow of water between sediments grains, impact 
biological, ecological, and engineering processes because they regulate the movement of water and the 
transformation of water laden solutes. Typically, the water moves slowly as is passes through the grains 
and, in addition, is in contact with the grain surfaces (a substantial surface area) such that biological and 
chemical processes are facilitated. These flows are important from headwater streambeds to ocean floors 
as well as from packed beds in chemical engineering to filtration beds in environmental engineering. 
However, the inherent difficulty to gain optical access to the grain bed has challenged advances in 
understanding physical and biochemical processes in the pore spaces. Here, we present a low-cost and 
scalable method to map both the architecture of a bed of irregular shaped grains as well as the pore flow 
velocities. We describe the selection and preparation of a transparent sediment grains coupled with a 
nontoxic aqueous fluid and then the novel methods to determine bed architecture. The results include 
accurately mapping the architecture of a bed of over 100 irregular shape grains (∼2 mm in size) and 
measurement of the water velocity through the pores of the bed.
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Porous media architecture has been investigated by several methods in past studies. For porous media with 
regular shaped and sized grains (usually spheres and cylinders), the shape and location of the solid grains 
were assumed to be known (e.g., Datta et al., 2014; Harshani et al., 2017; Patil & Liburdy, 2015; Satake 
et al., 2014) with the exceptions of Krummel et al. (2013), who used confocal microscopy images to recon-
struct the bed, and Dijksman et al. (2017), who presented a planar imaging method utilizing a spherical 
analytical fitting method to find grain borders and the center-of-mass of each spherical grain. For porous 
media flows with irregular grains (or irregular structure), X-ray tomography has been used to determine 
bed architecture (e.g., Carrel et al., 2018; Holzner et al., 2015) or a complex bed architecture was created by 
a photolithographic approach (Li et al., 2017, 2019). Validation of the bed architecture (by calibration) was 
only performed by Dijksman et al. (2017), who uniaxially compressed the spherical hydrogel grains and 
tracked the movement of the center-of-mass between grains. We have included Table S1 in the supplemen-
tal materials as a concise reference to methods used to study porous media flows in laboratory experiments 
(including information on both the determination of bed architecture and the measurement of interstitial 
velocity).

Here, we address previous limitations, which are the use of toxic fluids and expensive set-ups that are typ-
ically limited to small size experiments, by introducing a low-cost, scalable (from small cell to flume size 
experiments) and effective experimental laboratory methodology to map 3D porous media architecture and 
the interstitial flows simultaneously, with the former composed by realistic grains. Whereas RIM and PIV 
are well known techniques, their combined use with the proposed transparent soil presents for the first time 
the possibility to analyze flow in pores or rock fractures with biologically friendly fluids in an efficient, real-
istic, and low-cost manner. These elements allow developing new experiments to understand the feedback 
between biotic processes and interstitial flows, which could not be done previously. For example, microbial 
growth around grains in porous media. We summarize the novelty of our method with the following points:

1.  The ability to use PIV data to map bed architecture and measure interstitial velocities and, in addition, 
the use of PLIF images as a second method to map bed architecture. This approach is significant as it is 
difficult or impossible to perform X-ray tomography bed mapping for many hydrological flow situations 
(e.g., hyporheic flows in a simulated stream bed).

2.  The development of a versatile and low-cost transparent sediment simulant and paired RIM nontoxic 
fluid, safe for the study of biological processes. This novelty will allow diverse research groups to per-
form experiments which until now could only be performed in small test cells. In addition, it will allow 
realistic experiments, both in terms of the size and shape of the grains, as well as in the ability for use 
in large flumes. The low-cost allows physical modeling, which includes real size and shape of bedforms, 
and the use of a biologically friendly fluid makes it key for interdisciplinary applications.

3.  The use of calibration grains to quantify the results of the bed architecture map.
4.  The use of volume analysis software (VGSTUDIO MAX) with stacked PIV images (this software is typi-

cally used with X-ray tomographic images) to map bed architecture.

We use tetrafluoroethylene hexafluoropropylene vinylidene fluoride (THV) to mimic soil and sediment 
grains with a water–glycerin solution as the fluid. The grains have an irregular shape, which mimics the 
size of well sorted pea gravel material with similar size of 2 mm, and THV has a specific gravity of 1.96, 
similar to sediment (e.g., quartz has a specific gravity of 2.65). We created a packed bed of the grains to 
demonstrate that RIM-PIV can be used to measure the 3D architecture and the interstitial flow velocities at 
submillimeter scales. Finally, we fabricated and embedded calibration grains within the bed to quantify the 
determination of bed architecture.

2. Methods
2.1. Grain Material

THV is manufactured by 3M (Maplewood, MN, USA) and is supplied as a raw material in the form of 
granules that have an approximate skewed elliptical cylinder shape. The base of the cylinder has major and 
minor axis dimensions of ∼3.2 and ∼2.4 mm, respectively. The height of the cylinder is ∼2.8 mm. Variation 
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in the dimensions of the grains spanned 0.10–0.15 mm, of the major and minor axes and of the cylinder 
height. As of May 2020, the cost of the THV granules was ∼$67 per kg.

Raw THV granules have unacceptable optical transparency for light-based measurements due to micro-
scopic cracks as well as internal and surface stresses. The optical qualities of the granules were improved by 
annealing the grains in a convection oven at 115°C for 30 min. It should be noted that THV has low melting 
point (120°C) making it an excellent candidate for molding and 3D printing processes.

2.2. Refractive Index-Matching

Optical measurement methods require a close match of the RI of the sediment simulant and the working 
fluid (Figure 1). We used data from the specification sheet provided by 3M for THV 221GZ indicating a 
RI = 1.363. In addition, we did an experimental check of the match by the method shown in Budwig (1994). 
Deionized water was mixed with 24.2% glycerin (by weight) to match the THV plastic RI of 1.363 (the aque-
ous solution RI was measured to three decimal places), which resulted in a working fluid with specific grav-
ity of 1.06. A small amount of surfactant (volume ratio of 1:200) was added to the fluid to reduce air bubble 
adhesion within the test cell. To provide additional insight on the match effectiveness, we have included 
images of the plan and profile views of the laser light sheet illumination with and without matching fluid 
(Figure S1 in supplemental materials).

2.3. PIV Method

The working fluid, seeded with silver coated, hollow glass microspheres from Cospheric (Santa Barbara, 
CA, USA). These had a diameter range of 5–22 µm and a particle specific gravity of 1.08. The fluid was fed 
upward through the test cell and recirculated. The test cell was illuminated with light from twin Nd:YAG 
(neodymium-doped yttrium aluminum garnet) pulsed lasers (see Figure S2 in supplemental materials for 
more detail on laser system) and sheet optics to create a planar laser light sheet (0.1-mm thick) across the 
test cell. Imaging was performed with a 1.9-megapixel camera and a 180-mm macrolens. We took 1,000 
sets of dual-frame images at each of the 56 planar locations through the test cell with a 0.2-mm spacing 
between each plane, refocusing the camera at each plane. The repetition rate to acquire frame pairs was 
∼15 Hz, which enabled acquisition of 1,000 frame pairs in ∼67 s. The camera and lasers were connected to a 
LaVision programable timing unit to synchronize the imaging with the pulsed lasers. Images were acquired, 
viewed, analyzed, and processed with DaVis 8.4 software. Processing was performed by regular correlation 
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Figure 1. The test cell filled with THV grains and (a) no working fluid, (b) half-filled, and (c) completely filled. The viewing window was 30.5 mm wide 
and 36.8 mm high and a cell depth of 45 mm. The test cell depth, width, and height were 4.5, 4.5, and 11.3 cm, respectively. THV, tetrafluoroethylene 
hexafluoropropylene vinylidene fluoride.
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with two passes using 32 × 32 interrogation windows and then two more passes using 16 × 16 interrogation 
windows, all with 50% overlap.

The PIV system was calibrated so that a proper scaling factor could be applied to all images. A calibration 
plate was placed at five locations within the test cell, spanning from the front to the rear of the cell, which 
was filled with THV grains and RIM fluid. The scaling factors were nearly uniform across all locations with 
an average and standard deviation of 98.3 and 3.21 pixels/mm, respectively. We estimated (using results 
shown in Wieneke, 2015) the bias and random uncertainty errors due to out-of-plane motion of seeding 
particles as bias ∼0 and random uncertainty ∼2.5% (for a typical velocity vector).

2.4. PLIF Method

For the PLIF experiments, the seeding particles were removed from the water/glycerin solution and a small 
amount of Rhodamine B dye was added. Rhodamine B dye is a fluorescent dye with a 554-nm peak excita-
tion wavelength and a 576-nm peak emission wavelength, both in water (Kristoffersen et al., 2014). The 
light source for the PLIF experiment was a 532 nm (green), 50 mW continuous waveform diode laser with 
the same sheet optics that were used in the PIV experiment; so, the dye molecules absorbed energy from 
the green laser light and emitted energy as orange light. We placed an orange Schott glass filter (OG550) 
between the camera lens and the test cell to pass the orange fluoresced light from the fluid to the camera. 
This same filter served a second function, that is to block all scattered green light from grains and stray 
particles that were illuminated by the laser light sheet. Thus, the fluid around the THV grains was bright 
(from the orange glow of the dye molecules), but the grains themselves were dark due to the absence of 
dye molecules in the grains. High contrast images were taken at 51 planar locations with a 0.2-mm spacing 
between planes, refocusing the camera every millimeter.

2.5. Calibrations Grains

Because the final step of this technique was to create a validated volume model of the packed grain bed, we 
molded two THV grains, defined as calibration grains, into hemispheres and placed them within the grain 
bed (a photograph of the calibration grains is shown in Figure S3, supplemental materials). The calibration 
grains were made in a 3.1750-mm ball bearing mold and then skewered with a sewing needle that allowed 
them to be carefully placed within the grain bed. One calibration grain faced the camera (hereafter referred 
to as the forward-facing calibration grain), and the other calibration grain was placed perpendicular to the 
camera's view (hereafter referred to as the side-facing calibration grain).

2.6. Determination of Porous Media Architecture

We explored two approaches to determine the porous media architecture, the first based on PIV images and 
the second based on PLIF images. In the first approach, the porous media architecture was determined from 
the PIV images by the following steps: (a) PIV time series analysis was applied over the 1,000 image pairs, 
for each plane, resulting in 56 bitmap planar images with light colored fluid regions and dark colored solid 
regions, (b) the 56 planar images were imported into VGSTUDIO MAX volume analysis software, (c) the 
calibration grains were fitted with best fit spheres to quantify the volume finding capability of the software, 
(d) grain boundaries were determined by the software, and (e) a volume model was created in the volume 
analysis software.

In the second approach, the porous media architecture was determined from the PLIF images by the fol-
lowing steps: (a) initial postprocessing steps in DaVis (including scaling, shift correction, and smoothing) 
were performed to create 51 planar images with grain boundaries appearing in the images as white pixels 
and all other regions as black pixels, (b) these binary images were exported as raw text files containing x 
and y coordinates (with respect to each image frame) of every pixel as well as the pixel intensity (white = 1, 
black = 0), (c) these raw text files were further processed in MATLAB (R2018a) to reduce file size by only 
including the boundary pixels, (d) the processed text files were exported to SOLIDWORKS (2018) where 
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grain boundaries were traced for each plane, (e) the planes were assembled together with proper spacing 
(0.2 mm) and connected via the SOLIDWORKS lofting tool to create a volume model of the grain bed, and 
(f) the volumes of the calibration grains in the volume model were calculated and compared to the known 
calibration grain volumes, resulting in minor adjustments to the scaling of the bed.

3. Results and Discussion
The particle pathlines combined over 1,000 frame pairs “painted” the fluid white while the solid grains 
remained dark in the PIV time series images (Figure 2(a)). The rectangular, horizontal shadow (approxi-
mately a black rectangle) at the right side of the image was caused by the needle supporting the from the 
rear. Seeding particle deposition on grains, which partially block the laser sheet illumination, caused the 
dark horizontal streaks on the right side of the PIV time series image. This anomaly made it difficult to cor-
rectly determine grain boundaries in that portion of the bed volume. Conversely, the PLIF images featured 
better contrast between the grains and the fluid than the PIV time series images (Figure 2(b)) and were not 
disrupted by the seeding particle deposition effect. Volume analysis software was applied to reconstruct the 
3D view of the grain bed (Figure 2(c)), with the image shade inverted to show solid material from the 56 
planar PIV time series images (e.g., Figure 2(a)). The range finding capability of the software was optimized 
using the calibration grains (Figure 2(c) colored grains) but still resulted in a 2.1% overestimate of the actual 
calibration radius for the forward-facing calibration grain and a 1.7% underestimate for the side-facing cali-
bration grain. The PLIF approach yielded planar images with better contrast resulting in smaller bias errors 
of a 0.2% underestimate of the actual calibration radius for the forward-facing calibration grain and a 0.2% 
overestimate for the side-facing calibration grain. Due to the camera resolution used in this experiment (1.9 
megapixels), an error estimate based on ±1 pixel yielded a ±0.64% radius difference (±0.0102 mm) between 
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Figure 2. Example of a PIV time series image, which was located in the diametral plane of the forward-facing 
calibration grain (a). The rectangular, horizontal shadow (approximately a black rectangle) at the right side of the image 
was caused by the needle supporting the forward-facing calibration grain from the rear. PLIF image, which was located 
in the diametral plane of the side-facing calibration grain (b). The needle supporting this calibration grain is visible 
within the grain and then beyond the right side of the grain. 3D view of grain bed in the volume analysis software with 
calibration grains colored to indicate deviation from a best fit sphere with green = ±0.2 mm, yellow = 0.3–0.5 mm, and 
blue = F02D0.3 to F02D0.5 mm (c). PIV, particle image velocimetry; PLIF, planar laser induced fluorescence.



Geophysical Research Letters

measured and actual calibration grain radii. Furthermore, a 10-megapixel camera would result in ±0.28% 
radius error (±0.0044 mm) based on ±1 pixel.

Analysis of the PIV time series images allows the development of both the volumetric model of the grain 
bed architecture and planar velocity vector fields, which show the flow through the bed (Figure 3(a)). The 
model reveals realistic pore spaces and contact points among the grains. We show the left half of the mod-
eled cube as the right half was biased due to the streaks shown and discussed in Figure 2(a). The volumetric 
model of the grain bed architecture based on the PLIF images had higher resolution and extent for the 
entire bed (Figure 3(b)). This highlights the key role of good contrast and clarity within the images. How-
ever, the PLIF methods did not provide the interstitial velocities. The void fraction of the left half of the bed 
(defined as interstitial volume over total volume) as determined by the volume analysis software (with PIV 
data) was 40.6%, while the PLIF approach found a void fraction of 42.8% on a similar bed of THV grains.

As expected, the flow field in the sediment interstices was complex as exemplified by the PIV results in the 
forward-facing calibration grain diametral plane (Figure 4(a)). The average vertical velocity (through the 
bed) in the test cell was 0.31 cm/s and the Reynolds number, based on an average grain diameter of 0.32 cm, 
was 5.1. Velocity tends to slow near grain surfaces. Grains that were adjacent (just in front of or just behind) 
to the laser light sheet were sometimes partially illuminated (middle-left of Figure 4(a)). These adjacent 
regions experienced near zero planar velocity magnitudes. Because our PIV experiments were planar, we 
were unable to capture the third component of velocity, which would be particularly important when the 
illuminated plane was adjacent to a grain face. In addition, the planar nature of our experiments showed 
surprising velocity patterns in regions between two grains that are in near contact (the gap between grains). 
For example, the gap shown at the bottom right of Figure 4(a) showed near zero velocities at the middle 
of the gap, but nonzero velocities at either end of the gap, which in the planar perspective would appear 
to violate continuity. The true nature of the flow is 3D, thus these near-contact points between grains will 
often have a significant third velocity component, which was not measured by planar PIV. These properties 
of the interstitial flow are more clearly shown in Figure 4(b), which includes both a vector plot and a color 
contour map superimposed over a planar rendering of the grains. The rendering of the grains in (Figure 4b) 
has high fidelity of the left three-quarters of the field of view (x = F02D 8 to 4 mm) but is imperfect in the 
right quarter (x = 4–8 mm) due to reasons given in the discussion of Figure 2(a).

This complex flow field is further highlighted by the histograms of the flow velocity in the vertical and 
horizontal directions (Figures 4(c) and 4(d)). The vertical velocity component histogram shows a few bins 
with velocity in the downward direction, which is against the imposed flow direction. Inspection of the 
vector plots of several planes revealed the presence of a few regions where the flow moved slightly against 
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Figure 3. Volumetric model of grain bed architecture with planar time-averaged velocity vectors from PIV time series 
images (a). Volumetric model of grain bed architecture (of a different bed) from PLIF images (b). PIV, particle image 
velocimetry; PLIF, planar laser induced fluorescence.
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the imposed flow direction as it followed a tortuous path around the irregular grains. We did not observe ed-
dies or wake regions. The Reynolds number, quantified with the average vertical velocity and average grain 
diameter, was approximately 5, which suggests Stokes-like flow (Wood et al., 2020), and this type of flow 
was observed in each vector plot. The transverse component average histogram should be symmetric about 
zero because of no-net lateral flow, but (Figure 4c) shows a somewhat skewed curve. This is evidently due 
to experimental configuration, because we only aligned the vertical axis of the PIV camera with the vertical 
axis of the flow cell in an approximate manner. Each plane shows similar ranges in velocity distributions 
but also some variability due to variation in plane-to-plane grain arrangement (Figures 4(c) and 4(d)).

4. Conclusions
The ability of the proposed RIM-PIV approach to map both the porous media architecture and measure 
interstitial flows using a sediment simulant and a water–glycerin solution or a water–salt solution is a novel 
and effective method to study processes at the interface between water and sediments (Blois et al., 2014) 
and within soils and sediments (e.g., Reeder et al., 2018; Rubol et al., 2018). It provides a low-cost and scal-
able method for interdisciplinary laboratory studies of flow and biogeochemical processes. The advantages 
are (a) affordable aqueous solutions that are biologically friendly to many organisms, (b) a low-cost solid 
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Figure 4. Velocity analysis of the PIV grain bed. Vector plot of time-averaged velocity superimposed over planar image of the grains (a). Vector plot and color 
contour map of time-averaged velocity superimposed over a planar rendering of the grains (b). Velocity histograms, shown for every single plane (colored solid 
lines) and an average histogram (solid thick black line) throughout the entire grain bed (c and d). PIV, particle image velocimetry.



Geophysical Research Letters

material that may be molded or 3D printed into sediment grains and other shapes, (c) the ability to perform 
bed mapping from the PIV images, (d) the use of calibration grains to quantify bed mapping results, (e) 
application in large-scale experiments like flumes, and (f) application to study flow around hydraulic struc-
ture made out of THV. Application of the present method with a higher resolution camera (10 megapixels or 
higher) will result in the required accuracy for media with grain sizes on the order of 2 mm. The RIM-PLIF 
approach was able to provide better media architecture mapping accuracy results due to increased contrast 
images, but required, in our case, an additional experiment in which the media was filled with dyed fluid. 
However, advances in edge tracking and scalar image velocimetry would allow the use of PLIF or its novel 
volumetric approach, volumetric PLIF (Wu et al., 2018), to quantify the flow field and thus avoiding some 
limitations observed with the use of seeding particles in porous media flows, which are required for both 
PIV and PTV.
The PIV time series and PLIF images files and the MATLAB source code for the histogram plots are availa-
ble online at Hydroshare (Hilliard et al., 2020). 
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