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Abstract 

Additive manufacturing affords precise control over geometries with high degrees of complexity 

and pre-defined structure. Lattices are one class of additive-only structures which have great 

potential in directing transport phenomena because they are highly ordered, scalable, and modular. 

However, a comprehensive description of how these structures scale and interact in heterogeneous 

systems is still undetermined. To advance this aim, we designed cubic and Kelvin lattices at two 

sub-5 mm length scales and compared published correlations to the experimental pressure gradient 

in pipes ranging from 12-52 mm diameter. We further investigated all combinations of the four 

lattices to evaluate segmented combinatorial behavior. The results suggest that a single correlation 

can describe pressure behavior for different lattice geometries and scales. Furthermore, combining 

lattice systems in series has a complex effect that is sensitive to part geometry. Together, these 

developments support the promise for tailored, modular lattice systems at laboratory scales and 

beyond. 
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Introduction 

In recent years, 3D printing has seen rapid proliferation with respect to printing techniques, 

material selection, and overall access, enabling new insights and innovations across a range of 

disciplines.1-3 Increased interest in these technologies has driven the viability of additive 

manufacturing and enabled novel approaches to chemical engineering challenges, including heat 

exchanger design, reaction engineering, drug delivery, and more.4-7 With its nearly infinite design 

space, 3D printing technology is evolving alongside new software tools to design, simulate, and 

realize concepts that could previously be only theorized.8-10 There is growing precedent for using 

additively manufactured parts for controlling fluid transport, including multi-outlet and -inlet 

devices for a range of applications.11-14 Such works demonstrate the potential for 3D printing and 

additive manufacturing to drive novel transport process development and new applications, 

enabled by the complex structures that only additive processes can produce. 

Lattices, sometimes referred to as metamaterials, are one such class of additive-only 

designs. Similar to foams, lattices are high-porosity, strut-based structures.15 Unlike their 

stochastic counterparts, lattices can be designed with defined dimensions in an ordered 

arrangement. However, while additively manufactured lattices and periodic structures have been 

explored in detail for their mechanical and thermal properties, their use in fluid applications 

remains a high-potential area.16-22 Much of the recent investigation into lattices for fluid 

applications has emerged from studies of open cell foams. Because their structures can be defined 

a priori and remain static, additively manufactured periodic structures, encompassing beam 

lattices, surface lattices, and arranged polyhedra, have emerged as a viable option for creating 

rationally designed, ordered packings with tunable porosity and surface area (Figure 1). These are 

valuable attributes for chromatography and separations processes, where the ability to generate an 
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ordered bed facilitates numerical simulation and comparison between packing geometries.23,24 

Furthermore, given their foam likeness, beam lattices can also be used as platforms for catalytic 

process intensification, where they have been shown to have desirable catalytic performance even 

with lower surface area than honeycombs.25-27 These structures can also be functionalized with 

high-surface-area materials or other coatings to achieve additional properties.28 The most 

commonly studied structures in this field are the cubic unit cell lattice, due it its simplicity in design 

and production, and the Kelvin cell lattice, which represents the idealization of commonly used 

stochastic foam structures.29,30 The advantages of using these structures as porous media are that 

they are easily lent to systematic study and modification and, because they are able to achieve high 

surface areas with low porosity and tortuosity, they result in lower pressure drop and energy loss 

than stochastic open cell foams.31 Notably, recent work has highlighted the potential uses for 

lattices in cellular fluidics applications, where lattice design parameters can be selected to tune 

capillary action and evaporation, among other phenomena.32  

However, the vast design space can also be a barrier to adoption. The pre-defined order of 

these structures is useful for describing the internal geometry, but the trimming patterns created in 

functional parts can lead to varying influences of the walls in fluid systems. Describing the flow 

profiles evolving from the existing transport phenomena and wall contributions at various internal 

and overall scales is necessary for developing design strategies that can produce highly specified 

parts that address unique process needs. Despite this, the majority of investigations have focused 

on similar system sizes, length scales, and homogeneous packing types. Another distinct advantage 

of additive manufacturing is the ability to combine multiple components into a single part or create 

regions for interchangeable components. In the context of chemical engineering, this technology 

could streamline multiple processing operations into a single component, reduce changeover time, 
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and facilitate scalable distributed production. Despite these advantages, it is not well-understood 

how combination structures influence local behavior or overall fluid phenomena. Thus, while 

many predictive correlations exist for different types of packing geometries, a unifying model has 

yet to be presented to account for the varieties of highly ordered packing geometry and range of 

internal and external scales.  

In this work, we investigate fluid transport properties to consider scaling and combinatorial 

effects in two common geometries that juxtapose additive lattices and traditional foams. For cubic 

and Kelvin lattice geometries, we examine geometrical similarity at various internal and overall 

scales, how their respective airflow and pressure behaviors align with model predictions, and how 

combinations of these lattice structures influence fluid phenomena in a hybrid lattice system. These 

results build towards harnessing the full potential of additive manufacturing for realizing on-

demand fluid control systems for a host of applications at laboratory scales and beyond. 

 

Materials and Methods 

Lattice Models 

 For printed lattice structures, cubic and Kelvin unit cell geometries were created using the 

computer aided design (CAD) software Rhinoceros 3D and Grasshopper (Robert McNeel & 

Associates) using internal scripts and the Crystallon (f=f) and Dendro (ECR Labs) plugins. Each 

structure was based on a repeat unit with equal edge lengths. Lattice trimming was performed to 

create a conformal cylindrical monolith while maintaining lattice connectivity at the trimmed 

boundaries, in order to print each part without supports. These structures were generated for two 

unit cell length scales (2.38 mm and 4.49 mm, designated -S and -L) and three pipe scales (overall 

diameter = 12.2 mm, 34.1 mm, and 52.05 mm). For single-lattice monoliths, the part was designed 
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with 100 mm length. To reduce mesh size, the 52.05 mm Kelvin-S lattice was designed with 50 

mm length. Combination monoliths were designed at 50 mm and 100 mm overall length to fit the 

12.2 mm system. Naming conventions for the combination lattices follow the format, lattice 

geometry – cell size, using abbreviations for each. For example, the combination of a Kelvin lattice 

with small cell length and a cubic lattice with large cell length is designated as KSCL. For each 

lattice configuration, the input characteristics, volume, and surface area were quantified in the 

CAD software and used to determine the geometric quantities of interest. These quantities were 

also determined for lattice structures at a single-cell scale using an internal script for automation. 

Characteristics of interest included cell length (lc), strut radius (r), dimensionless strut radius (r* 

= r/lc), porosity (ε), specific surface area based on the overall bounding volume (av), and hydraulic 

diameter (dh). All parts in this study were designed with r* = 0.11. Other part dimensions are 

further detailed in Table 1.  

3D Printing 

 3D printing was performed by digital light synthesis (DLSTM) on a Carbon M1 3D printer 

(Carbon, Inc.) with XY resolution 75 x 75 μm. All parts were printed using the proprietary material 

UMA 90 Black, a one-part, photocurable resin. Parts were arranged and sliced using Carbon’s 

cloud 3D printing software, with a vertical resolution of 100 μm. Parts were processed in line with 

manufacturer recommendations, which included washing in 2-propanol (IPA, Fisher Chemical) 

for approximately 5 minutes, drying with compressed air, and curing for 1 minute per side. Parts 

were allowed to equilibrate from solvent exposure for at least 24 hours before testing. 

X-ray Computed Tomography 

 X-ray computed tomography (CT) was performed on a Bruker SkyScan 1276 (Bruker 

Corporation) at a nominal scan resolution of 21 μm. The scan conditions used a 0.25 mm aluminum 
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(Al) target with 200 μA at 55 kV, for 180° rotation about the sample at 0.3° per step. The exposure 

time for each image was approximately 340 ms. The smallest diameter lattices were scanned in a 

region approximately 20 mm in length at the center of the part for representative results. CT 

processing was performed using the NRecon software (Bruker Corporation). Reconstruction was 

performed using 3D Slicer v4.10.2.33 The Fast Marching segmentation algorithm was used on the 

region of interest with increasing thresholding parameters until non-physical image artifacts 

(noise) began to appear in the body and on the surface of the 3D reconstruction. After thresholding, 

the 3D model was generated using the default settings (0.5 smoothing and 0 decimation), and the 

surface area and volume of the part were quantified in 3D Slicer. 

Pressure Measurement 

Pressure gradient was measured for latticed parts in three pipe diameters (D; 12.2 mm, 34.1 

mm, and 52.05 mm). Example lattice parts and a system diagram are shown in Figure 2. All pipes 

were approximately 0.6 m in length. Each pipe was mounted vertically, with a removable fitting 

at the bottom for inserting and removing lattice samples. Pressure taps were placed on either side 

of a 100 mm sample region for each pipe, in line with previous experimental methods for cubic 

lattice and foam measurements.29,34 The upstream and downstream distance from the sample 

region scaled with the pipe diameter at approximately 0.6D. For each experiment, the lattice 

sample was wrapped with tape on both ends to ensure a secure fit within the measurement zone. 

After aligning the sample, the pipe was connected inline with a mass flow meter (Model 4043, 

TSI, Inc.), flow controller (TPK 2000, Copley Scientific, Ltd.), and vacuum pump (HCP5, Copley 

Scientific, Ltd.). The flow meter was calibrated to report the volumetric flow rate in standard liters 

per minute at 0°C and atmospheric pressure. A Dwyer Magnehelic differential pressure and 

vacuum gauge (0-248.84 Pa, ± 2%, Dwyer Instruments, Inc.) or a Dwyer Magnehelic differential 
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pressure gauge (0-62.21 Pa, ± 4%; 746.52 Pa, ± 2%) was connected to the pressure taps using 

flexible tubing and used for measuring the pressure gradient across the measurement zone. The 

flow controller was set manually over the range of measurable pressures, and the pressure 

differential and flow rate were recorded for 11 pressure gradient setpoints in the 0-248.84 Pa range 

for all lattices. Additional data series were collected for the 12 mm lattices to expand the observed 

Reynolds number (Re) range. Respectively, additional data were collected in the 0-62.21 Pa range 

for cubic lattices and the both the 0-61.21 Pa and 0-746.52 Pa ranges for Kelvin lattices. For cubic 

lattices in the larger pipe scales, a limited set of measurements was taken due to low pressure 

gradients at the maximum flow rate. For other lattice parts, two replicate measurements were taken 

at each setpoint. First, the flow controller was set to the maximum opening, and measurements 

were recorded at regular decreasing intervals until the valve was closed. The same measurements 

were repeated, starting with the valve fully closed and increasing the system flow rate.  

Analytical Models and Statistical Analysis 

 Data were analyzed using R v3.6.3 (R Foundation for Statistical Computing). Experimental 

data were compared to the analytical correlations presented for cubic lattices by Klumpp et al.29 

or foams, presented by Inayat et al.30 The periodic open cellular structure (POCS) model was 

derived for a range of cubic geometries and considers the pressure gradient as a function of 

exclusively inertial contributions.29 Equation 1 describes the reduced model used for comparison 

in this study. 

 𝛥𝛥𝛥𝛥
𝐿𝐿

= �
𝜀𝜀𝐴𝐴

1 − 𝜀𝜀𝐴𝐴
� �

1 − 𝜀𝜀
𝜀𝜀

�
𝜌𝜌  ⋅  𝑎𝑎𝑉𝑉
𝜀𝜀3

𝑢𝑢2 
(1) 

 

where εA is the area porosity or void fraction of the open area projected in the flow direction (with 

complete line of sight from one end of the structure to the other), ε is the void fraction for the total 
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the system, ρ is the fluid density, av is the specific surface area on a total volume basis, and u is 

the superficial velocity. The authors of this model make additional provisions for structures with 

a rotated unit cell, which is beyond the scope of this work.29 

 The foam model, developed by the same research group, considers the pressure drop 

through an idealized foam based on the Kelvin geometry, consisting of both viscous and inertial 

contributions. Equation 2 describes the form of the foam model and its tortuosity definition 

(Equation 3). 

 Δ 𝑃𝑃
𝐿𝐿
  =  32 τ2 

µ
ε  ⋅   𝑑𝑑ℎ2

 𝑢𝑢  +  
τ3

2
 

ρ
ε2  ⋅   𝑑𝑑ℎ

 𝑢𝑢2 
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𝜏𝜏 ≡ 1 +

𝑑𝑑𝑤𝑤  ⋅  𝑎𝑎𝑉𝑉
4𝜀𝜀

 
(3) 

where τ is the tortuosity, defined for an equivalent bundle of tubes, μ is the fluid viscosity, dh is 

the hydraulic diameter, and dw is the window diameter of the foam. All other terms are common 

between the two equations. For analysis of the flow regime, the packed bed Reynolds number (Rep) 

and packed bed friction factor (f*) are defined by the following. 

 
𝑅𝑅𝑒𝑒𝑝𝑝  =  

𝑑𝑑𝑝𝑝,𝑒𝑒𝑒𝑒 ⋅ 𝑢𝑢 ⋅ 𝜌𝜌
𝜇𝜇(1 − 𝜀𝜀)  

(4) 

 
𝑓𝑓∗ =

𝛥𝛥𝛥𝛥
𝐿𝐿

𝑑𝑑𝑝𝑝,𝑒𝑒𝑒𝑒 ⋅ 𝜀𝜀3

(1 − 𝜀𝜀) ⋅ 𝜌𝜌 ⋅ 𝑢𝑢2
 

(5) 

Experimental data were also considered using standard linear models and analysis of variance 

(ANOVA) techniques. Pressure gradient profiles (ΔP/L, Pa/m) were modeled as a parabolic 

function of superficial velocity (u, m/s). Regression estimates were evaluated for significance by 

t-tests. Orientation significance was evaluated by developing a linear regression including a term 

for orientation (treatments centered about 0 at ±1), including all terms for the interaction between 

orientation and the superficial velocity polynomial. Orientation significance was determined by 
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performing ANOVA on the full model and nested model with no interaction terms, to evaluate 

whether inclusion of the additional parameters was concomitant with error reduction; the 

significance of the ANOVA was considered along with the significance of the coefficients to 

determine the effects of stack orientation, taking p < 0.05 as a guide for statistical significance. A 

similar approach was used to evaluate significant differences between pressure gradients across 

pipe scales. A list of all R packages used and full model details are included in Supplemental 

Section 1, and statistical analyses are included in Supplemental Section 8. 

Tortuosity Estimation 

 In testing various inputs to the analytical models, we developed a procedure for estimating 

tortuosity based on the geometry of a single unit cell. Briefly, a grid array of lines was generated 

within the unit cell, passing from the top face of the bounding volume to the bottom face. The 

lattice structure was situated in the same orientation as the experimental studies. The lines were 

classified according to their intersection with the geometry, and regions contained within the lattice 

were projected onto the closest beam surface. With all lines passing through open areas or along 

the geometry surface, a weighted average of line lengths was normalized by the unit cell edge 

length to determine the tortuosity estimate. This process is discussed in more detail in 

Supplemental Section 4. 

 

Results and Discussion 

Lattice Characterization 

 Cellular structures for 3D printing are comprised of a vast design space but can be often 

specified with a smaller number of parameters. Unit cell geometry, unit cell size, and element 

thickness are commonly used for designing these structures in primitive and functional forms. 
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Previous reports have defined a variation of the specific length ratio (lc/2r) to describe the 

asymptotic behavior of properties like porosity and specific surface area.29,35 These descriptions 

do well to illustrate the limits of such properties. However, they fail to relate these geometric 

characteristics to the design process and the bounded nature of the printable design space. First, 

lattice generation typically begins with spatial discretization, which takes cell size as an input. 

Second, the strut dimension in most beam-based lattices will not exceed the cell size without 

intersecting other struts and blocking flow through the structure. In this regard, the critical radius 

values for closure depend on the unit cell geometry. Finally, strut dimension will be closer to the 

limiting feature sizes of an additive process. Therefore, the strut dimension will be more sensitive 

to deviation than the cell size. As a result, the cell length (lc) more naturally emerges as a reference 

length scale for comparing lattice configurations between strut dimensions and unit cell 

geometries. Here, we selected the dimensionless strut radius (r* = r / lc) to investigate theoretical 

geometric quantities for the cubic and Kelvin cells based on CAD geometry. Taken in conjunction 

with experimental process knowledge, the resultant trends in porosity, specific surface area, and 

hydraulic diameter can facilitate the selection between unit cell geometries and lattice 

configurations.  

 Theoretical porosity and specific surface area based on CAD calculations for a range of 

cell lengths across both unit cells are shown in Figure 3A, B. Between both geometries, porosity 

takes a constant value for a given r*, independent of unit cell size. The cubic unit cell can access 

nearly the full range of porosity, with a lower limit of approximately 0.05 at r* = 0.5, at which 

point the struts fully enclose the remaining void space. The Kelvin cell shows a similar void closure 

at a lower r* of approximately 0.27, while the rate of change in porosity is greater in magnitude 

compared to the cubic unit cell. To show the specific surface area in a dimensionless form, it is 
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scaled by cell length, and again, self-similarity exists across cell length scales. For a given r*, 

specific surface area scales as a function of lc. Additionally, the local maximum in specific surface 

area corresponds to the porosity inflection point. For the Kelvin cell geometry specifically, the 

maximum corresponds to the r* value at which the smallest window is closed by overlapping 

struts. More details regarding the window dimensions are available in Supplemental Section 2. 

These trends are consistent with previous reports and expand the Kelvin lattice description to 

include the configurations in which the central window is closed.29,35,36 

In the context of fluid dynamics, hydraulic diameter is another critical dimension.30,37 

Defined as 4ε/av, it can also be scaled by the unit cell dimension to produce a self-similar profile, 

shown in Figure 3C. Given a target hydraulic diameter, any lattice geometry has two degrees of 

freedom (lc, r*) to achieve the desired dimension, resulting in a number of possible solutions where 

multiple lattice configurations satisfy the criterion. Furthermore, the satisfactory configurations 

may exhibit different degrees of porosity and other geometric properties. These results suggest that 

common trends exist for ordered structures of all types, supporting the potential for objective-

based optimization of these cellular structures for a variety of multi-functional applications. 

 However, bulk geometric characteristics of lattices in functional parts may depart from 

single cell characteristics, depending on the relative length scales. Because the process of forming 

a lattice geometry into a usable part requires trimming or adapting struts at the part boundary, the 

final properties of the part depend not only on the geometric features of a single cell but also where 

the struts are trimmed within the cell and how cell dimensions are adapted to the overall structure. 

This can have implications for fluid phenomena and analytical predictions of pressure drop if the 

single cell values are inappropriately taken as representative of the entire part. Figure 4 (symbols 

with no border) shows the porosity and specific surface area of the latticed parts, as calculated by 
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the CAD mesh files. For both lattices, porosity approaches the single-cell value with increasing 

system size, reaching the target value after the overall scale is greater than 20 lc. Specific surface 

area exhibits a similar trend, but there is an offset deviation from the single cell value even at the 

largest overall scale. Because of the truncated beams, using exclusively single-cell values does not 

result in an accurate description of the overall lattice properties at these length scales. For higher-

density geometries like the Kelvin cell, lattice parts reached single-cell values before lower-density 

alternatives. However, both geometries exhibited approximately 2% deviation from single-cell 

porosity and 20% or less deviation from single-cell specific surface area by an overall scale of 10 

lc. These results may vary depending on the r* configuration, but here specific surface area is more 

sensitive to truncation than porosity. As a result, fluids passing through the medium could see 

similar void spaces with relatively greater surface areas. This results in more significant changes 

to the hydraulic diameter as the overall system size scales down to smaller values of D/lc, which 

contributes to apparent changes in pressure gradient. These results highlight the importance of 

considering the overall system scale when designing latticed parts for targeted parameters 

impacting fluid flows and scaling lattices up or down. 

 Finally, we examined the difference in bulk properties between the as-designed CAD 

model and the as-printed, CT-scanned model. CT scanning has grown in popularity in additive 

manufacturing spaces because it permits non-invasive, non-destructive metrology for quality 

control and characterization. This is useful for analyzing part dimensions and determining internal 

heterogeneities that may create weak points or other defects in additively manufactured parts. 

Unlike other additive platforms, Carbon’s continuous liquid interface production (CLIPTM) 

technology creates parts that are fully solid and internally homogeneous, but vat 

photopolymerization techniques may still result in dimensional deviations.38 Because these parts 

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/aic.17452



are entirely polymeric, the low density material and high air content can result in reduced contrast, 

which may contribute to measurement deviations. However, the printer resolution and CT 

resolution are respectively 5x and 25x smaller than the smallest positive lattice features, which 

should lead to sufficient representation. Due to the computational demand of CT reconstruction 

and analysis, only the smallest lattice parts were selected for analysis. The dimensions of the 

scanned sections are shown in parentheses in Table 1 and Figure 4 (symbols with black outline), 

and images of the reconstructed parts are shown in Supplemental Section 3. Printed lattices 

deviated in both porosity and specific surface area compared to the designed dimensions. These 

measured deviations may occur either from the additive manufacturing process or as an artifact of 

the CT reconstruction, which does not fully describe part roughness because of resolution 

differences between surface features and the imaging modality.39 However, the increased porosity 

and decreased specific surface area are consistent with generalized beam thinning, a result of 

processing phenomena that lead to part shrinkage or overcuring, yielding deviations from designed 

dimensions.38,40 Furthermore, it has been reported that dimensional variability can occur 

heterogeneously throughout the space of the part, but three dimensional compensation for these 

artifacts is beyond the scope of this work.41  Here, we assumed that any spatial gradients were 

negligible in comparison to the length scales studied. For calculations requiring dimensions of 

larger latticed parts, we assumed similar deviations in the larger parts and applied a scaling factor 

to their geometrical properties based on the ratio between design and CT measurements for the 12 

mm lattices. For application of the POCS model to cubic lattices, we assumed that changes in the 

area porosity were negligible compared to the changes in other geometric properties. Overall, these 

results emphasize the importance of characterizing part geometry at various stages of production. 

Variation from targeted lattice attributes can result from both the manufacturing process and the 
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characterization tools, highlighting persistent challenges in implementing such latticed parts based 

on exclusively a priori designs. 

Pressure Behavior in Scaled Systems 

Previous studies of cubic and Kelvin structures have examined pressure behavior largely 

in terms of porosity, varying the lattice configurations to achieve a typical porosity of 0.80-

0.85.29,42 Through comparisons to other models of porous media, these earlier studies show that 

porosity alone is not sufficient to describe the pressure behavior. Because additively manufactured 

periodic structures are commonly designed in terms of cell size and element thickness, we were 

interested in the resulting behavior when the design parameters such as cell size and strut 

dimension are held constant, and the only changing input is the unit cell configuration. This will 

not only support development and validation of the predictive models previously described but 

also facilitate an established process for comparing geometries not yet evaluated in the literature. 

The results of the pressure experiments are shown as a function of superficial velocity in 

Figure 5A. Across all parts, the pressure gradient follows a parabolic trend consistent with the 

Ergun-like correlations presented. As expected from the porosity and surface area dependence, the 

increased surface area and decreased porosity in the Kelvin cell lattices yielded higher pressure 

gradients in all comparisons to cubic lattices. Smaller unit cell lengths showed increased pressure 

gradients across the column length. Furthermore, parts with the same geometry class and cell scale 

showed similar trends across length scales, with smaller lc parts showing more similarity across 

pipe scales than larger lc parts. These deviations between results from the small pipe and larger 

pipes for the larger unit cell length are consistent with the trends shown in Figure 4 caused by 

truncation of the lattice geometry. Based on second-order linear models fit to each system, the 

cubic unit cell lattices had a statistically significant viscous contribution to the pressure drop only 
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when measured at lower flow rates and a statistically significant inertial contribution for all 

conditions. The Kelvin lattices had significant viscous and inertial contributions. These are 

consistent with their respective analytical model assumptions, as shown in Equations 1, 2. 

Illustrating the differences in bulk properties between pipe scales, fitted models for each of the 

configurations showed statistically significant differences between pipe sizes at p < 0.05 

(Supplemental Section 4). For other types of additively manufactured porous media, the hydraulic 

diameter has been identified as a critical parameter for system scaling.37 In line with these previous 

findings, the differences in pressure behavior observed between overall system scales are most 

prominent when there is a significant change in hydraulic diameter. These results suggest that an 

overall system diameter of 10 lc or greater is best suited to reduce the effects of deviations in 

hydraulic diameter and achieve representative outcomes of a larger system when using a small-

scale system.  

In considering the operating flow regime, we calculated the modified friction factor for a 

packed bed over the experimental range, as shown in Figure 5B as a function of the modified Re 

for a packed bed (Rep). Where not yet turbulent, the friction factor exhibited a dependence on Re 

until turbulent flow was established. Based on the near-constant friction factor for the cubic lattice 

structures at Rep > 300, these are likely in an established turbulent regime. However, for the Kelvin 

lattices under comparable system conditions, the friction factor exhibits Re-dependence, indicating 

that flow is not yet turbulent. Compared to previous reports for similar structures, the Kelvin 

geometry exhibits Re-independent friction factor at a similar order of magnitude for Rep > 500, 

which is higher than the conditions examined here.42 These differences may arise from the different 

manufacturing processes used to create the idealized foams in the prior work, since metal 3D 

printing is known to introduce additional roughness on the part surfaces.39 In light of this, it is 
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likely that the Kelvin lattices under these conditions in our study are in the post-Forchheimer 

regime.43 Combined with the cubic results, the data suggest that in systems where the packing 

structure is an available degree of freedom, selection between different lattice geometries with 

identical design parameters yields not only different geometric features but also different flow 

characteristics. However, it is important to note that even when parameters like porosity, specific 

surface area, and hydraulic diameter are comparable between structures, factors such as tortuosity 

can have a significant influence on the pressure gradient.29,44 Indeed, the smaller tortuosity 

expected from cubic lattices compared to Kelvin lattices likely amounts to the increased friction 

factors observed in Kelvin lattices where the two geometries have otherwise comparable features 

and operating conditions. 

To confirm whether the results presented here were consistent with the semi-empirical 

correlations developed for ordered lattices, we compared the cubic lattices to the model proposed 

for POCS and the Kelvin lattices to the model proposed for tortuous open cell foams. Both models 

work largely from the same geometric characteristics. One notable difference reported by the 

authors of the foam model is its inclusion of the system walls in the specific surface area term. 

Furthermore, the POCS model has been demonstrated only for cubic lattices, and it neglects 

viscous contributions to the pressure gradient. Since the lattice size ranges in this work are similar 

to the systems used to validate the models, we expected reasonable agreement between the 

correlation predictions and experimental values (within 30% error, in line with original reporting). 

Based on the geometric characterization, we expected to see slight differences between predictions 

for each unit cell configuration at the various pipe scales, due to beam truncation. We further 

hypothesized that using the properties derived from CT reconstruction would improve agreement 

between the experimental values and correlation predictions.  
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First, we compared the experimental data to the as-reported analytical model predictions 

from Equations 1-3. The input parameters for each prediction were based on the CT-derived 

geometric properties for the 12 mm diameter lattices, scaled to the respective system size. The 

results are represented as a parity plot shown in Figure 6A. Model estimates underpredicted cubic 

lattice results and overpredicted Kelvin lattice results. The POCS model tended to underestimate 

the experimental values by 30% or more, indicated by the lighter shaded region. The foam model 

overpredicted the pressure gradient in Kelvin lattices by 30% or more for both cell scales, with the 

exception of the 52 mm system. Imaging-related factors, including contrast differences from CT 

imaging on high-porosity parts, thresholding, and reconstruction methods, can contribute to 

differences between true geometric properties and the values calculated by CT, as described in the 

previous section. The differences here may be attributed to the smooth surfaces produced by the 

CLIPTM process, as compared to other additive processes.45-47 Furthermore, since these parts are 

polymeric, not ceramic or metallic, the reduced contrast may limit feature detection, even at high 

resolution. Therefore, these results do not necessarily imply model disagreement, but they 

highlight a challenge in developing predictive models and correlations based on these 

measurements alone. 

Because of the differences in CT-based predictions and uncertainty regarding wall 

influences, we further considered the analytical models in terms of the other available quantities. 

Results for as-designed geometric porosity and surface area are shown with and without wall 

surface contributions in Supplemental Section 5. However, the most promising prediction came 

from adapting the hydraulic diameter, porosity, and tortuosity of the foam model to each lattice. 

Figure 6B shows model parity results when using the foam model described in Eq. (2) with the 

tortuosity parameter adjusted for each unit cell geometry. To estimate the tortuosity of each 
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structure, we first generated a CAD simulation of a series of paths passing over the struts of a 

single unit cell for both cubic and Kelvin geometries as described in the experimental methods. 

Based on these calculations for r* = 0.11, the cubic tortuosity was estimated to be approximately 

1.01, and the Kelvin tortuosity was estimated to be approximately 1.05, which is comparable to a 

previous estimate for a Kelvin lattice under similar conditions.44 A combination of path length 

tortuosity and geometric tortuosity was selected because it can be calculated from static geometric 

characteristics and does not depend on flow conditions.48 However, as a result, it is an 

underestimate of the actual hydrodynamic tortuosity that influences the pressure gradient.48 For 

cubic lattices, agreement between the cubic model prediction and experimental data in the parity 

plot in Figure 6B implies that the hydrodynamic tortuosity for this geometry is in fact near unity. 

However, for Kelvin lattices, the pressure gradient predictions using the estimated tortuosity 

underestimate the behavior by greater than 30% (shown in Supplemental Section 5). Given the 

results calculated for each specific surface area case (used in Figure 6A), the actual hydrodynamic 

tortuosity value is expected to be higher than calculated using the static geometric characteristics. 

This is inline with updated calculations of tortuosity in open foams from Inayat et al., who report 

an effective hydrodynamic tortuosity of approximately 1.41 for a Kelvin lattice with ε = 0.76 and 

cylindrical struts.30 Applying this tortuosity value for the Kelvin lattice is reflected in the parity 

plot in Figure 6B, which resulted in substantial improved agreement of the model prediction with 

experimental data. Thus overall, model predictions are improved to a deviation of 30% or less 

when using the foam model with a single cell tortuosity estimate for all lattices of the same unit 

cell type. For the cubic unit cell, there is a departure from model fit at lower Re, which suggests 

that more complex phenomena are occurring. Furthermore, in the event that the central Kelvin 

pores close during design or processing, the tortuosity would continue to increase, but the 
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hydraulic tortuosity may no longer follow the prescribed trend. Thus, the opportunity for a fully 

unifying model remains, but based on these results, it is sufficient to estimate the pressure gradient 

across a range of length scales using the geometric properties estimated from CAD models 

informed by CT scans. 

 
Pressure Behavior in Combination Systems  

Since these structures can be designed for an arbitrary configuration, it is theoretically 

possible to tailor the overall structure to any given application when intermediate properties are 

desirable. Where a range of properties is desired in a localized region, functional grading is a 

common additive manufacturing technique used to transition between one configuration to 

another.49,50 Combining different lattice geometries directly is another strategy for producing 

intermediate bulk properties between lattice archetypes or producing distinct regional conditions 

within a single system. Through direct combination of different lattices, rather than gradual 

functional grading, we propose the possibility of modular components for scaling processes up 

and out. Combining distinct lattice geometries in series would be expected to yield linearly-

additive pressure gradients for tunable control. To evaluate this hypothesis and examine the 

behavior for these systems, each combination of the four original lattice types was assembled and 

tested in the 12 mm system. This pipe scale was selected to facilitate alignment of the lattice parts 

and material efficiency in early testing phases, which can be useful for lab-scale processes. 

Experimental results evaluating pressure drop across the combination stacks, combined 

with a limited set of CFD studies on single unit cells and lattice stacks, suggested that entrance 

effects and orientation play a significant role in driving complex pressure gradients (Supplemental 

Section 6, 7). A single CSCL combination lattice aligned digitally and printed continuously was 

Accepted Manuscript 
Version of record at: https://doi.org/10.1002/aic.17452



capable of a lower pressure gradient compared to the equivalent manually aligned stack 

(Supplemental Section 6), suggesting that even slight offsets introduced by manual alignment can 

result in noticeable deviations from the ideal pressure gradient. Such increased pressure gradients 

resulting from alignment differences has also been observed in rotated lattices and interpenetrating 

lattice systems.29,51 To experimentally evaluate the intra-lattice phenomena away from possible 

entrance or exit regions, two 100 mm lattice columns were manually aligned and oriented at the 

center of the measurement zone. This permitted measurement of the pressure gradient directly 

within the lattice structure, which is a unique feature of this approach to lattice generation and not 

possible when using a solid wall around the part. The results of these experiments are shown in 

Figure 7A. Because these parts were not perfectly aligned for the print step, the observed pressure 

gradient may have deviated from the ideal value. However, the trends followed as expected from 

the single lattice parts. As with single lattice parts, the Kelvin cell combination exhibited the 

highest pressure gradient, and the cubic combination exhibited the lowest pressure gradient, with 

other combinations populating the space between. Incremental changes in lattice combinations 

showed changes in pressure gradient that followed the uniform columns, where smaller length 

scales increase the pressure gradient, and the Kelvin geometry increases the pressure gradient. This 

phenomenon is easily visualized by the smooth transition in the diverging color scale in Figure 

7A. Figure 7B illustrates the pressure gradient trends graphically with representations of the lattice 

parts.  

The cubic-only lattice combinations (CSCL, CLCS*) do not show orientation dependence, 

suggesting that they are well-aligned, even with two distinct parts. This was evaluated by ANOVA, 

as described in the experimental methods. All other combinations of manually aligned lattices 

showed some degree of orientation dependence of the sequential stacks as determined by the 
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minimized error in the model including the orientation parameters. Further examining the 

coefficients of these models, KSCL and KLCL did not have any individual interaction terms 

significant at p < 0.05, but the ANOVA results indicated better model fit from the combined 

influences of orientation. All remaining combinations (KLCS, KSCS, and KSKL) had significant 

interactions between orientation and inertial terms but not viscous terms in the polynomial. These 

results combined suggest that the orientation dependence is more pronounced at higher velocities 

and may still be related to flow development phenomena. 

The finding that only the cubic-only system is fully orientation-independent under these 

conditions is consistent with the observations of the friction factor (Figure 5B), where the cubic 

results suggested a turbulent regime under the same conditions where Kelvin cells were in a 

laminar or transition regime. Because of this, the interaction between the two geometries would 

be subject to flow development in at least one part of the combination. Previous investigations into 

lattice combinations at the single unit cell level suggest that pressure drop can be predicted a priori 

based on theoretical or empirically determined values for a single geometry.27,51 In this work, we 

observed experimentally and inferred from the statistical models that the pressure gradient 

contributions from each half of the lattice column are not linearly additive. The model coefficients 

for all inertial terms were statistically significantly different from the theoretical model parameters 

based on the single-lattice packings. The viscous term coefficients for all cubic-Kelvin 

combinations did not show statistically significant differences, but KSKL and CSCL lattices 

showed statistically significant differences in this regard. Statistical significance was determined 

by comparing the 95% confidence intervals of the coefficients at the theoretical average for both 

orientations. This suggests that there may be more complex flow profiles that develop between 

lattices in series, influenced by tortuosity, but more investigation is needed to confirm the entrance 
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and orientation effects. Based on these observations, separated lattice segments offer another 

alternative for in operando flow adjustment based on changes to system tortuosity, creating an 

opportunity to design dynamic systems with unique characteristics that would not be achievable 

with a single lattice alone.  

 

Conclusion 

 3D printing and its associated technologies provide an unprecedented level of geometric 

complexity in manufactured parts. It facilitates control over transport phenomena in ways that can 

be modeled and predicted for complex channel networks or highly ordered packings, which 

promise high-throughput production and rationally designed systems for nearly any application. 

In order to realize that capability, advanced models need to account for the internal structure, the 

overall system scale, and interactions between these highly ordered domains.  

To that end, we have described the scaling behavior of cellular lattice structures in terms 

of geometric properties and pressure gradients. Across length scales, we demonstrate self-

similarities for pore dimensions, porosity, specific surface area, and hydraulic diameter, where the 

latter two parameters scale linearly with cell length for a given dimensionless strut radius. We 

show that lattice structures have unique geometric properties, which can facilitate optimization 

and lattice selection for a given application. In terms of overall system size, we show that a system 

diameter 10 times greater than the cell length is sufficient to estimate overall geometric properties 

based on those of a single unit cell, but the differences in hydraulic diameter must still be accounted 

for in system modeling. While further development is needed to achieve a unifying correlation, we 

confirm experimentally that a single pressure drop correlation can fit both the cubic and Kelvin 

lattice geometries within approximately 30% deviation from most experimental values, given 
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appropriate substitution of lattice-specific geometric quantities. Furthermore, we find that 

sufficient prediction is yielded by using the geometric properties of the lattice structure based on 

the CAD design when informed with print deviations, which can limit the necessity of resource-

intensive micro-CT metrology.  

Experiments in combination systems suggest that pressure gradients within the combined 

column are largely orientation dependent but may depend on length scale. The pressure gradient 

and flow profiles can be sensitive to entrance regions within the lattice structures, which may 

exceed the length of a single unit cell, contributing to orientation dependence in shorter columns. 

Furthermore, the overall pressure gradient in a combination system is not necessarily the weighted 

sum of the individual contributions. Further work is necessary to understand the effects of 

combining different lattice structures in more complex arrangements, how these phenomena 

interact at larger overall system scales, and how peripheral lattice design influences wall 

phenomena. Nonetheless, this work represents a critical step in understanding the behavior of 

advanced packing structures and builds towards their potential as a platform for highly flexible 

and scalable process systems.

Notation 

av – specific surface area, lattice surface area/total geometric volume 

D – overall system diameter 

dh – hydraulic diameter (4∙wetted perimeter/cross sectional flow area) 

dp,eq – equivalent particle diameter, based on the ratio of lattice surface area to lattice solid volume 

dw – window diameter 

L – length of the lattice column in the measurement region 
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lc – unit cell edge length 

Q – volumetric flow rate 

r – strut radius 

r* – dimensionless strut radius, r/lc 

u – superficial velocity 

 

ε – porosity (void fraction), void volume/total volume 

εA – area porosity (void fraction), projected void area/projected solid area 

μ – fluid viscosity (kg/(m∙s)) 

ρ – fluid density (kg/m3) 

τ – tortuosity (effective path length/minimum path length) 

 

CAD – computer aided design 

CT – computed tomography 

Re – Reynolds number (d∙v∙ρ/μ) 

CLKS – combination naming (top – bottom; cubic large – kelvin small) 
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List of Figure Captions 

Figure 1. Parts made in CAD are discretized into regular volumetric regions and populated with 

repeating geometries to create lattice structures. Lattices are a unique construct of additive 

manufacturing, useful for a variety of chemical engineering applications in catalysis, fluid 

transport, and separations. Cubic (left, red) and Kelvin (right, blue) lattices are investigated in this 

work. 

Figure 2. (A) Photograph of 3D printed lattices at each pipe scale. Image enhanced for clarity. (B) 

Diagram of the experimental system used in measuring the pressure gradient across each lattice. 

Pressure taps were placed at 0.6D upstream and downstream of the 100 mm measurement zone. 

FT – Flow transmitter. FC – flow controller. 

Figure 3. Theoretical values of (A) porosity, (B) specific surface area (dimensionless), and (C) 

hydraulic diameter (dimensionless) shown for cubic and Kelvin single unit cells with edge lengths 

ranging from 1-5 mm. Self-similarity across length scales is apparent when scaling by the unit cell 

edge length. 

Figure 4. CAD-based (solid, no outline) and CT-based (black outline) geometric properties of 

lattice parts for the tested scales. (A) porosity (ε) and (B) dimensionless specific surface area 

(aV,lattice lc) shown for each cell length and lattice geometry, relative to the single-cell values for 

the respective configurations (horizontal lines). (C) hydraulic diameter shown for each 

configuration, calculated using the total surface area. For subsequent calculations, CT-based 

measurements were applied to larger parts by scaling the CAD porosity and lattice surface area. 

Figure 5. (A) Results of the pressure gradient measurements for lattice geometries in various 

configurations. Foam-like geometries produce higher pressure gradients, and differences between 

pipe scales are more pronounced for larger cell sizes. (B) Friction factor dependence on Rep for 
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both lattice types at all pipe scales. Re-independence indicates turbulent flow for cubic lattices, 

while Kelvin lattices do not reach a turbulent regime under the conditions tested. 

Figure 6. (A) Parity plot comparing CT-based model prediction with experimental values, using 

the literature models for the respective lattice type (Kelvin-foam; cubic-POCS). (B) Foam model 

adjusted for cubic and Kelvin geometric properties. Cubic tortuosity was approximated by CAD-

derived geometric tortuosity (τ = 1.01), and Kelvin tortuosity was taken as τ = 1.41 for all relevant 

lattices, based on the observed porosity and the correlation proposed by Inayat et al.30 Shaded 

regions indicate ±10% and ±30% deviations from the experimental values. 

Figure 7. (A) Pressure gradient results for the elongated stack combinations. (B) Order of lattice 

combinations by observed pressure gradient.  

Table 1. Calculated geometric properties based on CAD dimensions. Lattices designated (-S) 

generated with a unit cell length of 2.38 mm and strut radius of 0.262 mm; lattices designated (-L) 

generated with a unit cell length of 4.49 mm and strut radius of 0.494 mm. Values measured from 

CT scans are indicated for the smallest diameter lattices in each configuration; CT-scaled values 

and derived values are omitted for clarity. 
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Lattice 
Pipe Diameter 
(mm) 

ε  
CAD (CT) 

aV, total (m-1) 
CAD (CT) dp,eq (mm) dh (mm) 

Cubic-S 12.2 0.887 (0.911) 1200 (1055) 0.567 2.95 
 34.1 0.897 890 0.692 4.03 
 52.05 0.904 804 0.718 4.50 

Cubic-L 12.2 0.843 (0.877) 936 (860) 1.004 3.61 
 34.1 0.873 590 1.288 5.92 
 52.05 0.896 493 1.268 7.26 

Kelvin-S 12.2 0.756 (0.762) 1938 (1874) 0.754 1.56 
 34.1 0.753 1739 0.851 1.73 
 52.05 0.766 1624 0.864 1.89 

Kelvin-L 12.2 0.711 (0.717) 1298 (1282) 1.338 2.19 
 34.1 0.752 983 1.516 3.06 
 52.05 0.758 915 1.587 3.31 

 

Table 1. Calculated geometric properties based on CAD dimensions. Lattices designated (-S) 

generated with a unit cell length of 2.38 mm and strut radius of 0.262 mm; lattices designated (-L) 

generated with a unit cell length of 4.49 mm and strut radius of 0.494 mm. Values measured from 

CT scans are indicated for the smallest diameter lattices in each configuration; CT-scaled values 

and derived values are omitted for clarity. 
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