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In this article we investigate the performative potential of reticulated tunnel networks to act as drivers for selective airflows in building envelopes and thereby facilitate semi-passive climate regulation. We explore whether such transient flow can be used to create functionally graded metamaterials in bio-inspired, additively fabricated buildings. The tunnel networks are modelled on the egress complex found in the mound of certain macrotermite species. The hypothesis we explore is that oscillating airflow of low amplitude can be used to generate large scale turbulence within the network and thereby increase the mass transfer rates across the network. The hypothesis is tested through a series of 3-dimensional and 2-dimensional experiments where various geometries are exposed to a forced oscillation of the air or water column. The results are evaluated in the 3-dimesional experiments through tracer gas measurements, and in the 2-dimenstional experiments through visual qualitative assessment using fluorescein dye. We find that the oscillating fluid gives rise to large scale turbulence that causes a net mass transport across the tunnel network, and that this turbulence occurs when certain combinations of amplitude, frequency, and network geometry are achieved. Furthermore, we conclude that the net mass transfer is large enough to be functionally useful in a building envelope as a method to regulate either building interior climate or the envelope’s own microclimate.
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1 INTRODUCTION
Emerging technologies in additive fabrication and computational design are opening up radical new possibilities for performative building envelopes, where intricate and (micro)site-specific geometries can enable the creation of functionally graded metamaterials (Soar and Andréen, 2012). Metamaterials are materials shaped in ways that give them properties not exhibited in their naturally occurring conditions. They have long been a concept meaningful primarily in small-scale, high-value engineering such as electronics or more recently mechanical engineering. However, with the emergence of additive fabrication technologies capable of producing complex geometries even at large volumes (current state-of-the-art powder bed printers can produce objects up to 8 cubic meters overnight, with exceptionally high resolution), there is a growing opportunity to implement these concepts in the construction industry.
In this paper we explore how such functionally graded metamaterials can potentially be modelled on the structures found in termite mounds. The large mound structures are created by termites to act as physiological organs that, through their complex and functional internal geometry, regulate significant flows of respiratory gases and maintain an internal microclimate with steep gradients in humidity and temperature towards the outside (Heyde et al., 2021). They gain their function primarily from geometry and can adapt to a surprising range of surrounding environments. Biological systems exhibit a strong coherence between form and function, and are able to draw benefits from highly complex and specific form. They can serve as a model not only for the direct relationship between form and performance, but also for the generative processes that enable organisms to produce such structures (Andréen and Goidea, 2022; Goidea et al., 2022).
The hypothesis tested in this paper is that the tunnel network found in the envelope of the mound can, when activated by transient air movements, generate a useful and controllable mass transport across the envelope. If such a flow can be selectively created within and across a permeable structure, it may provide a useful tool for semi-passive regulation of building climates and building envelope microclimates. The ambition of the paper is to provide a proof-of-concept for previously undocumented mechanisms and establish what geometric parameters can be used to control the effects.
2 MATERIALS AND METHODS
The experiments reported here are based on the geometric structure of a section of a termite mound, the so-called egress complex. The exact function(s) of this structure are undetermined, but it is speculated that they play a role in the air exchange between the interior and exterior of the mound.
2.1 Physiology of the termite colony
The numerous species of termite of the genus Macrotermitinae (order Isoptera–a subfamily of the higher termites or Termitidae) and their co-dependent species of Termitomyces fungus, are known for an ability to construct mounds whose structures are tied to approximating a stable internal environment conducive to a resident colony of typically millions of termites and the extensive metabolic presence of the fungus (Ruelle, 1964; Darlington et al., 1997).
Construction of the mound is not linear; it is continuous and negotiated fiercely. Termites accrete a structure to support a multiplicity of process components, many set in opposition, where agents execute process strategies which satisfy a varying and dynamic environment. The mound is therefore a device by which a metabolic potential is established between the inside and outside to drive energy, matter and information flow in both directions (Turner, 2000a; Turner, 2005). For this to happen, the mound must actively engage with a potential energy source from its external environment.
In 2000, Turner introduced and described the mound as an organ of physiology (Turner, 2000b; 2001) which addressed the discord between transient air flow movements he measured within Macrotermitinae mounds in southern Africa and the accepted theory of a “steady state” convective driven stack-effect or thermosiphon principle established in the 1950s (Lüscher, 1961). In place of steady-state ventilation, Turner proposed a model in which the mound (and nest) isolates its respiratory requirements from those of stasis of the internal environment (i.e., eliminating bulk flow ventilation) through a three phase respiratory or tidal gas exchange system. In this model, the reticulated gradient of ducts which permeate the mound surface are one of the phases, dominated by transient forced convection (Turner and Soar, 2008).
Wind acting on and around the mound surface is unpredictable, turbulent, and often weak (<1 m/s). As turbulent wind encounters the reticulated surface channels, which permeate primarily the north facing aspect of the mound during the rainy season (the egress complex), it is hypothesized that it results in pressure differentials which change rapidly both spatially and temporally. It may be that this transient pressure state, created and enhanced through the geometry of the surface channels, provides the energy for mass transfer which may include evapotranspiration during the growing season or respiratory gas exchange, primarily within the egress reticulum but also potentially deeper inside the termite mound.
2.1.1 Egress complex
In M. michaelseni the egress complex (EC) is located predominantly on the north facing aspect of the spire and extends part way down the basal cone of the mound. The EC emerges at certain times of year, primarily during the growing season when activity in the colony is at its peak and moving towards alate release. It is also the wetter season, when an increased humidity of the surface clay may reduce the potential diffusive flow through the permeable mound skin, necessitating the opening of direct air channels. It is effectively the only opening between the mound and the external environment.
A sample from the EC structure of a termite mound from the species M. michaelseni was retrieved from a study site at the Omatjenne Research Station, near Otjiwarongo, Namibia in February 2005. It was removed from the upper part of the mound’s distinctive spire, from the mound’s north facing side. The sample was retrieved at a time of year when active modification of the mound exterior is at its peak.
The sample was heavily permeated by a gradient of reticulated channels, varying in cross section, length and number, with fewer large (∼15-25 mm diameter) channels towards the interior and more frequent smaller (∼3-5 mm diameter) channels penetrating the exterior surface. To understand and quantify the relationship and connectivity of nodes and edges within this network, the sample was digitally scanned using computed tomography (CT) at Nottingham University Hospital, and the resulting mesh is shown in Figure 1. The lower part of the figure shows the inverse mesh where the internal voids show up as solids to visualize the interconnections of the reticulated and hierarchical lattice structure of nodes and edges. CT scanning was set to 0.5 mm slice thickness from which a surface approximation was generated from the Dicom data. The volume of the solids of the sample (mud material) was 1.42 L, and the void (air) volume was 0.23 L, a void to solid ratio of approximately 1:6. The network exhibited a valence (number of edges connected to each node) of approximately 3-4 on average, but with some nodes having a valence as high as 7. The edge length varied between 6 and 42 mm, with most lengths falling in the 10-20 mm range. The connections are shorter nearer the outside, and each node has a greater number of neighbours. The channel thickness is inversely correlated, with the channels near the mound surface being the thinnest and the ones near the surface conduits are thicker. The channels are smooth and gently curved, and most are roughly circular in cross section.
[image: Figure 1]FIGURE 1 | Computed tomography (CT) scan of egress complex: front, right, and back view. Lower images show negative space, highlighting the geometry of the reticulated tunnel network. The EC is approximately 300 mm high.
2.2 Materials and methods
Two sets of experiments were conducted. First, we drove an oscillating column of air across the EC while tracking the mass transfer rate through the EC using a tracer gas and sensor. In the second set of experiments we created a flat analogue of the EC using a 2-dimensional topology, and drove an oscillating body of water across the reticulum. The resulting flow was documented through the use of a fluorescent dye and video camera, allowing the flows to be examined in both still and video images.
In the experiments using the mound EC, in order to increase repeatability of the experiments and to avoid damage and erosion of the original sample, a 3D printed replica was used. This was fabricated from the scan data using selective laser sintering (SLS) process from nylon polymer powder. In order to isolate geometric dependencies from material ones and for practical reasons, the nylon EC was used for most experiments, except in a comparative study between the two materials, which is not described here, where the material was found to have negligible effects on the results.
2.2.1 Oscillation-induced mass transfer
The egress complex was mounted in timber frames. The frames were attached to a sealed chamber on the side of the EC which had faced the inside of the mound, so that the only connection between the chamber and the external air was through the channels in the EC. The volume of this chamber was 12.8 L.
In order to set up a regularly oscillating air column across the EC, an electronically controlled membrane (in the form of a loudspeaker) was coupled to the “outer” face of the EC via a chamber consisting of a box to house the EC sample and a 1,250 mm length of 100 mm Ø pipe (which housed the speaker) as shown in Figure 2. The pipe was introduced to stabilize the oscillation movements. The volume of this “outer” (sink) chamber was 7.4 + 9.9 L (the greater measure being the volume of the tube) for a total of 17.3 L.
[image: Figure 2]FIGURE 2 | Induced oscillations 3D experiment set up. The egress complex (A) was mounted between two boxes (B and C). A pipe [d (diameter 100 mm, length 1250 mm)] was mounted on the “outside” of the EC, and a speaker (E) was attached to the end of the pipe. On the inside (B), an opening covered by a seal of loose PVC-film allowed for air movement as the speaker was active while keeping the outside air from entering the chamber (F). A Cozir Wide Range CO2 sensor (G) was placed in the middle of the chamber. The volumes of the chambers were: (B) 12.8L, (C) 7.42L, and (D) 9.9L. The thickness of the egress complex is 39 mm on average. The cross-section area of the channels at the outside face of the EC is estimated to 1700 mm*102 which increases towards the inner face where the end of the EC is not clearly defined.
The test chamber at the “inside” of the EC featured a 100 mm diameter opening, which allowed for purging with approximately 7,000 ppm CO2 air (the CO2 was used as a tracer gas to calculate air change rate) before each run and was covered and sealed with a loose sheet of thin PVC film so that the air inside this chamber would oscillate freely with the action of the speaker on the other side. A Cozir Wide Range sensor 0%-60% (accuracy ±70 ppm ± 5% of reading and with a response time of 4s) which recorded CO2 concentrations at 1 s intervals was mounted inside the test chamber.
The speaker gain control was set to drive the air at an amplitude of approximately 5 mm through the channels in the EC, and the speaker output remained constant through the experiment except where the amplitude was stated to be different. This means the oscillating air displacement was less than 10% of the total depth of the EC panel, and there was no net bulk flow. Frequencies between 10 Hz and 120 Hz were tested, beyond which no significant gas exchange took place.
As the membrane drove the air column across the EC, the concentration of CO2 in the test chamber was recorded and compared to a baseline gas exchange. The baseline exchange rate was a measure of mass transfer across the EC from the “source” to the “sink” where there was no motion (or rather minimal motion as some convection currents will be impossible to eliminate) of the air column, therefore limited to diffusion rates, or an approximation thereof. The mass transfer was measured using a standard air change rate (ACH) calculation for ventilation purposes, based on CO2 decay over time. The natural logarithm of CO2 concentration was plotted against time, where the slope of the best fit is the air change rate, which is obtained through linear regression. As the net bulk flow is 0 in the experiment set up, this calculation provides a measure of what the equivalent steady cross flow would have been to accomplish the same CO2 mixing between the two chambers (Sherman, 1990). Knowing the volume of the source chamber, the ACH can also be expressed as equivalent continuous flow per second. The advantages of the method are that the results are independent of the start concentration, the tracer gas is inert and easy to obtain, and no direct flow measurements are required.
Potential downsides are that the method assumes a constant exchange rate and homogeneous mixing of the source chamber, and provides no detail of the internal flow in the EC. In addition, because of the limited volume of the sink chamber, the flow rate will be underestimated as the method assumes an infinite volume sink. However, it is the relative air change rates which are of interest to the study, and as the constraints are uniformly applied to all test run, the limitations were not considered problematic. The exception to the uniform conditions between the experiments was a slight variation of the initial CO2 concentration in the sink chamber which was 550 ppm ± 150 ppm. This was due to experimental variation and human error but does not affect the calculated air change rate.
Apart from testing a range of frequencies, we also recorded the effects of altering the amplitude of the oscillations at a constant frequency. In this test the amplitude was doubled to approximately 10 mm.
Finally, the flow during a frequency sweep between 100 and 10 Hz was recorded with a video camera where visualization was assisted using a planar laser and smoke.
2.2.2 Oscillation-induced mass transfer in 2-dimensional environments
In order to understand the potential role of the transient mass transfer investigated here in the termite mound, or how they may be applied in other contexts, it is not only relevant to quantify the rate of mass transfer from inside to outside, but also to qualitatively understand the nature of the flow. To accomplish this, we created a flat analogy of a simplified network of reticulated tunnels using transparent acrylic plastic. In order to facilitate visualization, water was used as a medium rather than air, with fluorescein added to trace flow using a video camera. Fluorescein (C20H12O5) is a strong dye which glows with a green light when exposed to ultraviolet light, (Walker, 1987), and which allows for concentrations and flows to be traced in the system.
As the investigated system is transient, extra consideration has to be taken towards the dynamic similarity of the experiments, as they are affected by the change of medium and scale. In addition to the Reynolds number, the Womersley number should be considered (Loudon and Tordesillas, 1998) It is a dimensionless number used to describe the relationship between oscillating flow frequency and viscous properties of fluids. It is expressed as α = L (ω/v)½ where α is the Womersley number, ω is the frequency, and v is the kinematic viscosity. For similarity between the systems to remain, the Womersley number should be unchanged. For this to be achieved ω and v must be scaled identically (the length scale is constant in the two experiments). The kinematic viscosity of water at 20°C is 1.00*10-6 m2/s whereas the equivalent viscosity of air is 15.1*10-6 m2/s. Oscillations of 30 Hz in air should therefore be dynamically similar to 2 Hz oscillations in water.
Figure 3 shows how the experiment was set up. A test chamber was created from three layers of transparent acrylic of 5 mm thickness. The middle layer was cut using a laser cutter in order to achieve the desired geometry, with two chambers, a) and b) separated by a channel network c). The right chamber was connected through a plastic tube e) to a cylinder and piston f) driven by an electric motor g) through a crank arm, which was used to create an oscillating motion in the fluid. The motor operates at a frequency of up to 6 Hz, and a replaceable crankshaft allows for a stroke length of 2 or 4 mm. The cylinder has a diameter of 20 mm. During operation, it was noted that the electric motor and crank arm moved slightly laterally, effectively reducing the amplitude of the oscillations. As a result, the amplitude was measured by tracing a small air bubble placed in the plastic tube e). The volume of a full stroke was recorded as 0.4 mL for the shorter stroke and 1.2 mL for the longer stroke. The left chamber is connected to the ambient atmosphere, allowing for the unencumbered motion of the fluid in response to the piston movement.
[image: Figure 3]FIGURE 3 | 2D experiment set-up. The chamber is filled with water. Left chamber (A) is open to atmosphere through (D). Right chamber (B) is connected to left chamber through a network of tunnels (C), and to a piston (F) through a tube (E). Piston is is driven from an electric motor (G) at 6 Hz.
Three different geometries were tested in the experiments, shown in Figure 4: a simple reticulated network, a series of straight connections, and a deeper reticulated network with a larger number of nodes. These were chosen for reasons to provide a simplified but reasonably similar analogy of the EC network in the case of the reticulated networks, and to provide a baseline without reticulation or branching in the case of the straight channel geometry, to which the results for the others could be compared and contrasted. The different geometries were exposed to varying oscillations: in the first case with variable frequency and in the second constant frequency at two different and fixed amplitudes.
[image: Figure 4]FIGURE 4 | List and description of investigated geometries. (A) Geometry A. Narrow reticulation. Total width 80 mm, edge (node-to-node) length 23 mm, edge count 20. (B) Geometry B. Straight channels. Total width 80 mm, edge (node-to-node) length 80 mm, edge count 6. (C) Geometry C. Wide reticulation. Total width 160 mm, edge (node-to-node) length 23 mm, edge count 44.
The behavior of the fluids was recorded using a video camera, and the results are presented here as video files and still images.
3 RESULTS
3.1 Oscillation-induced mass transfer in 3-dimensional environments
3.1.1 Frequency variations
Figure 5 shows the natural logarithm of the CO2 concentrations for the various oscillation frequencies. The calculated mass transfer rates as equivalent flow is shown in Figure 6. The baseline, or natural diffusion rate was measured to 3.3 × 10-3 L/s. The strongest response was found around 40 Hz, where the equivalent airflow was 1.6 × 10-2 L/s. Above 100 Hz and below 10 Hz, the effect of oscillation induced mass transfer was negligible and within the error margin from the measured mass transfer rate at no oscillation. These results exhibit relatively high variability, particularly around the peak near 40 Hz. This is likely at least due to inconsistencies in the experimental protocol, and further data points would be necessary to reveal more about the mechanisms involved and the sensitivity towards frequency. At a general level the results consistently indicate a strong impact of frequency on the mass transfer rate.
[image: Figure 5]FIGURE 5 | Frequency comparison. CO2 decay under different oscillation frequencies, amplitude constant. Dashed regression line shows 0 Hz/no sound. Average R2 of linear regressions equals 0.98.
[image: Figure 6]FIGURE 6 | Mass transfer rate at different oscillation frequencies.
The resulting flows are shown in Supplementary Video S1, which is taken by a camera positioned in the inner chamber, perpendicular to the EC. A still image from the video is shown in Figure 7. This shows the formation of several vortices travelling away from the EC, in a typical vortex street fashion.
[image: Figure 7]FIGURE 7 | Still from Supplementary Video S1. Formation of jet at orifice during frequency sweep.
3.1.2 Amplitude variations
The tests were repeated at an amplitude of 10 mm and were compared to that of 5 mm (Figure 8). There is a considerable effect of amplitude, with a peak mass transfer rate at 5.0 × 10-2 L/s, roughly four times higher for a doubling of the amplitude. In addition, the peak was wider, giving a stronger effect around a broader spectrum of frequencies and was slightly shifted to higher frequencies.
[image: Figure 8]FIGURE 8 | Amplitude comparison. Square markers show original set-up with an oscillation amplitude at approximately 5 mm. Diamond markers show same test with approximately doubled amplitude of the air oscillations.
3.2 Oscillation-induced mass transfer in 2-dimensional environments.
3.2.1 Frequency variation
In the 2-dimensional environment, geometry A was first tested across a range of frequencies from 2 Hz to 6 Hz. This is shown in Supplementary Video S2. Each frequency (2.0, 2.5, 3.0, 4.0, 4.7, and 6.3 Hz) is active for 8–10 s. During the first oscillation frequencies (2-4.7 Hz), the flow is mostly reversible, with the dye following the same trajectory in both strokes. There is an overall migration of dye from left to right, which is likely mostly due to shear dispersion caused by the uneven velocity profiles in the channels, and dead zone dispersion. As the highest frequency is activated however, the flow patterns change, and non-reversible eddies and irregularities emerge, which contribute to a much faster mixing of the dye.
3.2.2 Geometry variation
The three different geometries (A, B, and C) were tested at a steady, 6.3 Hz oscillation, at two different amplitudes. Supplementary Video S3 shows geometry A with a low amplitude oscillation. Here can be seen how some large-scale convection arises in the form of plumes and eddies, particularly at the orifices of the channels. These convection patterns contribute to a more rapid mixing of the dye, but the effect is minor. In Supplementary Video S4 the same geometry is exposed to high amplitude oscillations. The flow patterns here are much more pronounced, contributing to the rapid mixing of the dye in the channels and in a zone which extends 20-50 mm from the channel orifices. The flow here appears turbulent, and the convection features are at a scale much larger than the oscillation amplitude.
Supplementary Videos S5 and S6 show instead geometry B, which is the straight channels with no reticulation, at low and high amplitude oscillations respectively. The flow at low amplitude here is almost completely reversible, showing very little displacement of the dye. At high amplitude, some shear dispersion appears to take place, causing a slow migration of the dye, but no eddies or other large scale features or turbulence appears. Supplementary Video S7 shows the large amplitude oscillations in this geometry after more than a minute has passed. At this time the dye has migrated to the right chamber, but no turbulence or eddies are visible, and the flow is mostly reversible.
Supplementary Video S8 shows the wider reticulated geometry C at high amplitude oscillations. This video shows very similar flow patterns to Supplementary Video S4, with large-scale non-reversible flow or turbulence contributing to the rapid mixing of the dye.
Finally, Supplementary Video S9 shows geometry C with very high amplitude and low frequency oscillations. In this video it is possible to observe the influence of the geometric obstacles on the flow in the channels, and it shows how eddies and other irregularities form which lead to dye mixing. It is however not evident if this flow pattern is identical to the other oscillations which are of significantly lower amplitude and higher frequency.
3.2.3 Visualization of turbulent flow in reticulum
Figure 9 shows five sequential still images taken 0, 2, 5, 10 and 30 s after oscillations start. The images are taken from the experiment using geometry C (wide reticulum) and high amplitude oscillations, as these conditions best visualize the flow while being similar in kind to the flows at low amplitude and in geometry A.
[image: Figure 9]FIGURE 9 | Image series showing flow patterns in geometry C, high amplitude oscillations.
From these images can be seen that the region where mixing occurs rapidly extends away from the reticulum and engages the zone where dye is present, at a distance of 20 mm from the channel openings and beyond. Between 2 and 5 s the dye enters the reticulum, and at 10 s the dye has penetrated most of the left half of the reticulum. Significant mixing in the left chamber has occurred at 10 s. At 30 s the full left chamber contains dye and the concentration gradients are relatively smooth. The mixing zone can be concluded to extend at least 50 mm away from the channel openings.
The gradients in the reticulum are very smooth, demonstrating a high level of internal mixing, more so than what is found in the chambers.
Figure 10 shows close-up images of the flow at t = 5 s and t = 10 s. These images demonstrate the smooth concentration gradients throughout the reticulum, and in particular demonstrate the absence of a laminar boundary layer near the solid boundaries or at flow intersections.
[image: Figure 10]FIGURE 10 | Images show close-up views of flows at 12 s and 5 s (geometry C, high amplitude). Note the smooth cross-sectional profile of dye concentration, showing the absence of boundary layer.) (Images have been digitally cleaned to enhance legibility.).
4 DISCUSSION
The results demonstrate that the reticulated tunnel structures found in the mound egress complex interact with a transient flow in ways that create significantly increased mass transfer rate. The regular, oscillating flow induced in these experiments may be analogous to the turbulent wind conditions experienced around the termite mounds, and provide some evidence that transient flows may be involved as a component of the termite colony respiration as suggested by (Turner, 2001). However, it is the potential use of these structures as semi-active regulators of building climates that is of greatest interest in this investigation.
The reticulated network can potentially be replicated in additively fabricated building envelopes where the narrow diameter and tortuous nature of the channels would strongly limit the pressure-driven continuous flow (the laminar flow rate through a pipe is proportional to the fourth power of the pipe radius according to Poiseuille’s law). If an elevated mass transfer rate can be induced by electronically controlled oscillators interacting with a static geometry incorporated into the building envelope itself, it can allow for selective and situation-dependent transfer of heat and moisture across and within the envelope.
We have found that transient mass transfer in the investigated geometry occurs across a range of frequencies and amplitudes. Within this threshold, peak mass transfer occurs around 30-40 Hz, and at the amplitudes tested there is significant increase of the mass transfer rates over natural diffusion within the range of 10-100 Hz.
Visual observation during the first set of experiments suggest that the oscillations cause significant turbulence in direct proximity to the egress complex; this turbulence appears to be correlated to the observed increase in mass transfer rates. This suggestion is supported through the visual observation in the 2-dimensional experiment.
The 2-dimensional setup allowed us to visualize clearly what occurs within the network as the oscillations propagate through the system and to evaluate the interaction of edge length in the network with amplitude and frequency. The relative equivalence of the two systems, water and air, was shown theoretically through the calculation of Reynolds and Womersley numbers, and the results of the experiments supported this equivalence. As we see in the videos and still images eddies, jets and other turbulent features form within the reticulated tunnels and their orifices almost immediately when the oscillations begin. We also see that these turbulent features lead to the rapid transfer of the dye from the source chamber to the reticulum and to the right chamber.
Within the water medium, diffusivity is several orders of magnitude smaller than in air (Cussler, 1997). Therefore, no significant diffusion-only transport occurs over distances greater than a few millimeters, and we are able to conclude that the turbulent features occur consistently across the whole range between the source and the right chamber.
4.1 Functional utility
The magnitude of the flow as recorded in the experiments reached approximately 0.05 L/s, across the 2.7 dm2 outer surface of the mound sample, or 1.8 L/s*m2. As air has a heat capacity of about 700 J per kg per °K and a mass of 1.2 kg per 1000L, this is the equivalent of 1.6W/°K for each square meter of wall area. Even with a diurnal temperature difference of 10-15 K, this is on the low side of what is needed for air conditioning. However, it is within the range where there is a potentially significant effect for heating or cooling. If combined with mechanisms for evaporative cooling, the achievable cooling effects can be significantly higher for the same net flow due to the much higher enthalpy of evaporation of water.
Furthermore, the equivalent air flow was shown to scale with a stronger than linear dependency to oscillation amplitude (the flow is proportional to the square of the amplitude in the reported experiments, but the data is too limited to qualify this with certainty). This indicated that achievable flows can potentially be increased with relative ease in a full-scale system.
4.1.1 Moisture transport
An alternative use of the resulting airflows is for moisture transport, where a smaller net flow can be useful. If combined with embedded sensors that track relative humidity (RH) within and outside of the wall, oscillation driven flow can be activated to selectively regulate the internal humidity and maintain desirable microclimates. The immediate applicability for this is to keep the inside of porous walls dry by activating the flow whenever the external RH is lower than the wall’s internal RH. However, we would also suggest that the function could be equally useful to maintain a minimum internal humidity within a porous living wall. Such a wall can potentially harbor a functional ecosystem of native species, and would not allow opportunist monocultures to establish themselves, thus reducing the risk of problematic molds and pathogens (but would require inorganic construction materials).
4.1.2 Boundary layer
The homogenous distribution of dye across the channel cross section shown in Figure 10 demonstrates the lack of a laminar boundary layer and indicates that particles suspended in the air would come in frequent contact with the walls of the channel network. This can potentially be utilized to filter out particles such as dust or pollen, or even break down air pollution through the use of catalyst surfaces.
The lack of an insulating boundary layer is important from the perspective of heat and moisture transport. This will facilitate the exchange of heat or moisture between the air and the wall material and provide an efficient mechanism for storage of heat and moisture within the solid materials of the wall.
4.1.3 Meristem wall
The Meristem Wall (Goidea, Popescu, and Andréen, 2021) is a project that has demonstrated the feasibility of incorporating a reticulated network of the kind that is discussed here into a building envelope. This full-scale prototype is fabricated using a sand binder jetting process, and integrates a reticulated network as well as a number of other functions and components within a single monolithic material. To negotiate the multiple considerations necessary to achieve a functional outcome, the wall is designed using an algorithmic and self-organizing process.
4.2 Emergence of turbulence
The turbulent features observed are significant in size and distribution: they are 1-2 orders of magnitude larger than the oscillation amplitudes and extend across the full reticulum. The turbulence appears only with certain geometries and with certain flows, and the cause is so far uncertain. It was shown that the flow characteristics change significantly as a certain frequency threshold is passed, with a resulting propagation of turbulent features which were not evident at lower frequencies. While shear dispersion appeared to be the main mixing mechanism below this threshold, larger scale flows dominated above the threshold. A similar, but less abrupt, effect was shown for amplitude variation, where greater amplitude promoted large scale irregularities in the flow.
Typically, the Reynolds number (Re) is used to determine if turbulence can be expected within a certain flow. This can be calculated for the two systems. In the case of the EC and the air oscillations, we can assume a hydraulic diameter of 4 mm for the smaller tunnels. At 40 Hz and an amplitude of 5 mm, the average velocity of the air is 0.2 m/s. These numbers yield a Reynolds number of approximately 50. The Re of the water oscillations is similar, at about 150. Peak velocity is greater for both systems, and there may be other factors, but in either case these numbers are not sufficiently high to lead to outright turbulence (but likely high enough to ensure that the flow is not fully reversible.) This prediction of laminar flow is accurate in the case of the straight connections (geometry B) in the 2D experiment, where no or negligible turbulent flow was observed in the channels, but not in the case of the EC or the reticulated 2D geometry even though the Re is similar.
It may be that local shear forces increase significantly around the edges and bifurcations of the geometry, as is documented in the case of pendelluft phenomena in the human bronchial tree (Safonoff and Emmanuel, 1967; Nagels and Cater, 2009), and this may account for the turbulence in the reticulated geometries. Other potential drivers of the observed turbulent features include the formation of synthetic jets (Smith and Glezer, 1998) at asymmetric orifices, though it is uncertain whether the asymmetry within the reticulated network is sufficient to induce such phenomena in other places than the outer openings. This suggestion is supported by the apparent formation of a jet with a vortex street around one of the orifices of the EC in the first set of experiments, as shown in Supplementary Video S1 and Figure 7.
It should be noted that chaotic flows, even if not fully turbulent, result in mixing through the diverging pathways of proximate particles within the turbulent region, i.e., chaotic mixing (Ottino, 1990). These mixing phenomena are typically described at micro scale, though they are effective at larger scales as well (Wiggins and Ottino, 2004).
4.2.1 Biological equivalence
(Reidenbach et al., 2012) has documented the influence of coral morphology and flow environment on mass transfer rates in coral reefs. In unidirectional flow the mass transfer rates decreased with a tighter spacing of the branches, but in oscillating flow the opposite was true, and mass transfer was found to increase with a tighter branch spacing as well as increased frequency of the oscillations. These findings are in line with what we have documented in this paper, and suggest that transient mass transfer mechanisms which are dependent on geometric features are not uncommon in nature.
In previously established models for termite mound mass transfer (which typically concern respiratory gases) (Lüscher, 1961; Korb, 2003), the assumed mechanisms have depended on continuous flow, either through natural (buoyancy driven) or forced (wind driven) convection. Turner has pointed to data that contradict the dominance of such flows in the mounds of M. michaelseni and suggested an alternative hypothesis where transient flows drive mass transfer (Turner, 2001). Here we have found conclusive evidence for such mechanisms: at a range of frequencies a low amplitude oscillation of the air in and around the mound can drive mass transfer at rates significantly greater than a purely diffusive system, even though the oscillation amplitude is significantly smaller than the barriers they penetrate, and the net bulk flow is 0. Further research may determine whether these mechanisms are an active and major part of the termite mound physiology, and if so what this role may be. One possibility is that they are part of the exchange of respiratory gases between the mound and the surrounding environment, or they may be involved in the mound construction phase where it could influence the spread and distribution of moisture, which is a critical component in the termite construction work, both as a resource [see, for example, (French and Ahmed, 2010)] and as a stigmergic marker.
5 CONCLUSION
We have described the nature of transient mass transfer across the reticulated tunnel geometry–egress complex–typically found in the spires of M. michealseni mounds that can be generated by a forced oscillation of the air volume across the tunnel network. The occurrence of such mass transfer mechanisms has been speculated in literature but has not previously been demonstrated experimentally. In the experimental set-up used here, and with the specific geometry of the tested EC sample, the effect was strongest in frequencies around 20-40 Hz. The effects were strong at amplitudes of about 5 mm within the channels, which is significantly smaller than the smallest edge length of the reticulum network, and increasing amplitude caused significantly higher mass transfer rates.
The primary cause of the increased mass transfer is the formation of turbulent or near-turbulent flows within and in direct proximity of the EC tunnels. These turbulent features appear at velocities which are lower than would be expected from a Reynolds number analysis, and only arise in these conditions when the tunnel network is interconnected or reticulated. These transient flows are not, as would be expected from a steady flow, impeded by the high tortuosity of the channels, but appear to be dependent on such geometric complexity. The findings do not fit simply within conventional steady-state studies and may become clearer as the mathematics and behavior of transient systems become more developed. We hope that our results can inspire a more thorough study of the interaction of geometric form and transient flows.
Because of the turbulent nature of the flow, the laminar boundary layer near the tunnel walls is reduced or eliminated. This lack of boundary layer promotes a significant exchange between the fluid flow and the solids of the EC. In combination with the ability to penetrate high tortuosity geometries with a high surface area, this suggests that the described mechanisms can be effectively utilised to transfer mass or energy into and out of solid structures which could be of significant benefit in a wide range of engineering applications. In a building envelope this can enable the regulation of the building’s interior climate, e.g., through asymmetric thermal buffering or evaporative cooling, as well as the regulation of the internal microclimate of the envelope itself, e.g., to reduce microbial growth and resulting decay of organic matter or to promote conditions that can sustain a functional ecosystem.
Such mechanisms depend on the possibility to design and fabricate complex, reticulated geometries within the building envelope, and to embed mechanisms for sensing and actuation. The performative behavior of the system would depend on its functionally graded form, its interaction with the surrounding environment, and the way oscillations are selectively applied. This requires the ability to create variable, high-resolution structures that adapt to the particular context they are found in. Such structures are particularly suitable for additive fabrication methods. The necessary resolution and volume of such structures suggests that powder-based printing methods may be most suitable. Furthermore, an algorithmic design process is likely necessary to manage the interdependence and complexity inherent to the proposed system.
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