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Abstract 

Evaporative downdraft cooling and radiative night sky cooling are two established passive 

methods for regulating the temperature of a building. Each method takes advantage of 

different chimney geometries: evaporative downdraft cooling requires a smaller opening 

at the top of the chimney to create airflow, radiative night sky cooling requires a larger 

opening to allow for maximum exposure to the night sky. This project centered on the 

design of a mechanical iris that would allow for the daily transition between those two 

states, allowing one building to take advantage of both methods. As originally conceived, 

the project would have included fabrication of the iris and testing of the airflow through it, 

with a focus on the behavior of the air immediately below the opening and the impacts on 

the cooling effectiveness as a downdraft chimney. Unfortunately, with the remote 

semester, those further steps were not realizable. This report concludes with a discussion 

of how those two steps, fabrication and testing, could be carried forward by future 

projects. 
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Combining a Downdraft Chimney and Radiative Night Sky Cooling Through the Use of a 

Mechanical Iris 

This project combines elements of fluid mechanics, architectural and 

environmental engineering, and physical prototyping in an effort to integrate two 

environmentally conscious building cooling methods: downdraft chimneys and radiative 

night sky cooling. The two methods, both examples of passive cooling, would reduce the 

carbon footprint of applicable buildings and offer financial savings in their day-to-day 

operation. Beyond that, they represent a different way of thinking about the design of a 

building; in which integration with the environment is prioritized and the performance of 

the building is improved as a result. As blunting the effects of climate change and adapting 

to warmer climates become ever more important, including this type of thinking in the 

designs of new buildings is critical. This report can also be thought of as an endorsement 

for an interdisciplinary approach to engineering that prioritizes connections between 

adjacent fields in the search for novel solutions.  

Background 

Downdraft Chimney 

 In a downdraft chimney, water is misted into hot air at the top of the chimney 

which is open to the atmosphere. Energy is transferred from the hot air to the water, 

evaporating the water. This energy transfer cools the air producing a colder and denser 

water and air mixture at the very top of the chimney. This difference in density causes the 

mixture to fall down the chimney and into the building (Fig. 1). At the same time, more 

water is being misted into the top of the chimney as new air is sucked into the top of the 
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chimney.  As it falls and spreads through the building, there is a heat exchange with the 

drier, hotter air in the building, cooling the building through convection (Al-Hassawi, 2017; 

Kang & Strand, 2018). 

 

Figure 1. How a downdraft chimney works (Kang & Strand, 2018).  

Holding everything else constant, a smaller opening at the top of the chimney will 

create greater airflow. If the same amount of water is misted into a smaller amount of air, 

the resulting mixture will be denser; falling faster into the building, and providing more 

cooling (Aviv & Meggers, 2017). However, there is an upper limit on the reduction in 

cross-sectional area. Past a certain point, dependent on the temperature and the humidity 

of the air, the misted water will no longer evaporate. A mass of air can only hold so much 

water. This makes a downdraft chimney better suited for a desert climate, or any hotter, 

arid climate where the ambient air can absorb more water.  

/ · 
Water Spray System 

Natural Air Flow 
H 

Multi -direct ional Air Flow 
............... 

Cold Conditioned Air Water Tank .................... 



 5 

 The benefit of this form of cooling is that it is mostly passive, reducing the 

building’s cooling costs, and its carbon footprint. One study reported roughly 60% energy 

savings as compared to a traditional cooled air system (Corney, 2012). Downdraft 

chimneys also result in improved air quality inside the building because they produce 

more air flow and circulation (Corney, 2012). 

Radiative Cooling 

 Radiative cooling takes advantage of radiative heat exchange by means of a 

heatsink open to the night sky. The heatsink absorbs heat energy from the building during 

the day, then at night it radiates it into the cooler night sky. Come daytime, the heatsink is 

colder than the surrounding building and absorbs heat energy from the building, cooling 

the building as the heatsink warms back up until the system reaches a local equilibrium.  

Radiative heat exchange happens whenever there is a temperature difference 

between two bodies separated by a distance. It is governed by the Stefan-Boltzmann 

relationship: P = є × σ × A × (T4 – Ta4) where є is the emissivity of the object (in this case 

the heat sink)1, σ is Stefan’s constant, A is the area of the object, T is the temperature of 

the object, and Ta is the ambient temperature (Hyperphysics). The warmer body radiates 

heat as electromagnetic waves which the cooler body absorbs. The bodies do not need to 

be in contact with each other – think of a campfire warming people sitting around it 

despite the surrounding cold air.  

The more of the heatsink that can be exposed to the night sky, the more heat 

energy can be radiated. Therefore, it is advantageous to increase the “view” factor of the 

 
1 Emissivity ranges from 0-1. Concrete has an emissivity of 0.85-0.95 according to concretecentre.com 
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heatsink relative to the night sky by widening the opening (Aviv & Meggers, 2017). 

Similarly, the greater the temperature difference between the heatsink and the ambient 

temperature, the greater the heat radiation.  

Radiative cooling is another example of passive cooling and taking advantage of 

natural conditions to lower the carbon footprint and maintenance costs of a building, with 

reported energy savings of 14-48% (Ahmad et al., 2019). Similar to the downdraft 

chimney, radiative night sky cooling is more effective in hot climates due to the larger 

drop in night sky temperatures. However, the amount of heat radiated is a function of the 

fourth power of the temperature difference between the two bodies (the night sky, and 

the heatsink), meaning that even small differences in temperature are exploitable for this 

method of cooling.  

Combination of Downdraft Chimney and Radiative Cooling 

In a 2017 paper “Cooling oculus for desert climate – dynamic structure for 

evaporative downdraft and night sky cooling”, Dorit Aviv and Forrest Meggers proposed 

combining the two cooling methods for use in one building. Their “dynamic structure” 

would be chimney-like with the ability to transform between two states: a smaller upper 

opening when in use as a downdraft chimney, and a larger opening for radiative cooling at 

night. It would have a concrete slab underneath the chimney to act as a heatsink. They 

constructed a 2.75-meter-tall prototype with a maximum upper diameter of 0.9 meters. 

The aluminum shell of the prototype could be manipulated with a cable system to enlarge 

or shrink the profile of the chimney (Aviv & Meggers, 2017). Figure 2 shows a sketch of 

how the geometry would change with this type of structure.  
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Figure 2. A sketch of the changes in geometry the system proposed by Aviv and Meggers would undergo. 

In a 2018 paper, “Climate-Adaptive Volume: Solving the Motion Envelope of a 

Reconfigurable Cooling Aperture for Desert Climate”, Aviv and Axel Kilian propose a 

modification to the previous solution, whereby the aperture would be able to respond to 

real-time conditions and optimize its envelope for the desired cooling performance. The 

redesigned chimney would be made of overlapping blades, with an increase in the number 

of blades allowing for greater mechanical control and better fidelity to the desired profile 

of the chimney (Aviv & Kilian, 2018).  

Flow Around Sharp Edges 

 If instead of a dynamic structure, a two-dimensional solution was to be 

implemented at the top of the chimney to modify the opening, it would create an abrupt 

change in the profile of the chimney immediately under the lip of the upper opening. This 

type of sudden decrease in the cross section of flows has been widely studied in the 
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hydroelectric and oil and gas fields. Papers by Ebrahimi et al., and Wanzheng deal with 

how the flow expands after going through such a sharp-edged orifice. Figure 3 shows the 

flow through a thick orifice (Ebrahimi et al., 2017). There is a lower velocity zone 

immediately after the beginning of the orifice. After exiting the orifice, the flow does not 

immediately expand to the width of the tube, but it does entrain some of the exterior 

flows and pull them into the main streamlines. Figure 4 shows a more schematic 

representation (Wanzheng, 2015). This thin orifice is more representative of the opening 

that would be created by a two-dimensional solution placed at the top of the chimney. 

The flow takes a length, (Lb), to expand back to the walls of the tube. This length is mainly 

determined by the ratio of the orifice diameter (d) to the tube diameter (D) (Wanzheng, 

2015). 

 

Figure 3. Streamlines of water flowing through a thick sharp-edged orifice (Ebrahimi et al., 2017). 
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Figure 4. A schematic drawing of the flow through a thin sharp-edged orifice (Wanzheng, 2015). 

Methods 

 The design goal of this project was to create a simpler mechanical system that 

could achieve the qualitative aperture change necessary for the combination of a 

downdraft chimney and radiative cooling as proposed by Aviv and Meggers. Where their 

solutions were three-dimensional, this project focused on a two-dimensional solution: a 

mechanical iris. This decision was made to allow for easier fabrication and testing and to 

simplify the system.  

Design Process 

 The first prototype was an eight-blade, cardboard iris with a top and bottom cover. 

This was made following plans from a website devoted to iris design (https://iris-

calculator.com). It was roughly 4 inches in diameter and the maximum aperture was 2 

inches, with a minimum aperture of less than 0.25 inches.  

2 
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 The next step was to use the design software on the iris calculator website to 

generate a preliminary proposal for the final iris. The design software allowed for the 

specification of ten different parameters (listed and described in the appendix). The most 

important ones for this design process were:  

• The outside diameter – the diameter of the iris including the blade housing.  

• The maximum aperture – the maximum opening. 

• The minimum aperture – the minimum opening. 

• The number of blades.  

 The outside diameter was constrained by what could be manufactured in the 

Swarthmore Engineering Machine Shop. The Haas Minimill in the shop has a maximum 

travel, i.e. a maximum length for a single cut, of around 14” x 14”. The outer diameter of 

the iris would have to be less than that. Beyond that constraint, it would be preferable to 

have the outer diameter be as large as possible to allow for a greater range of motion of 

the blades. 

The next consideration was the maximum aperture. The maximum aperture must 

be less than the outside diameter by at least the width of the blades. Ideally, it would be 

as large as possible, improving the performance when the chimney is used for radiative 

night sky cooling.  

 For the minimum aperture, the smallest possible value would be desirable in order 

to increase the function as a downdraft chimney. However, a smaller minimum aperture 

requires wider blades to ensure there are no gaps at minimum aperture. Wider blades 

require an increase in the outside diameter, or a decrease in the maximum aperture, so 
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that they can be fully housed when maximally opened without colliding with the outside 

wall.  

 Another way to achieve a smaller minimum aperture is by increasing the total 

number of blades. This decreases the width of each blade. Unfortunately, each blade has a 

non-negligible thickness. For the iris design employed by the iris calculator, blade two 

overlaps on top of blade one, blade three overlaps on top of blade two, and so on, until 

the final blade slides under blade one. The more blades, the more each blade has to bend 

in the z-direction, and the taller the overall iris would be. Additionally, more blades are 

less desirable from a functionality standpoint. More blades mean more contact points, 

smaller geometric tolerances, and more parts that have to work together correctly.  

 As shown in Fig. 5, the initial proposed dimensions were:  

• Outside diameter: 13.5” 

• Maximum aperture: 12” 

• Minimum aperture: 6” 

• Number of blades: 29 
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Figure 5. A schematic of the initial iris design at minimum aperture (created at https://iris-calculator.com). 

The next step was to import the STL files produced by the iris calculator into 

Fusion360. Fusion360 is a computer assisted design program, useful for visualizing 

components and refining designs. It also can output g-code, the machine language used by 

mills to manufacture the pieces. Computer numerical controlled (CNC) manufacturing has 

the advantage of increased precision and rapid repeatability. A design can be test cut, 

small tweaks made in Fusion360, the piece cut again, and once it is acceptable, the g-code 

for making that part can be run repeatedly. This allows for quick, iterated prototyping of 

designs, and easier repetitive manufacturing – such as for the blades of the iris. 

Front View 

SS.67° 
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 Earlier, the 14” x 14” limitations for the Hass Minimill were mentioned, which led 

to some of the constraints and design decisions for the iris. After reviewing the initial 

designs, J. Johnson, the Swarthmore Machine Shop supervisor, suggested cutting the 

housing into thirds, and connecting the pieces with lap joints held together by screws (Fig. 

6). Cutting into thirds allowed for the outer diameter of the iris to be increased. Given this 

freedom, an earlier recommendation from the project advisor, Carr Everbach, to reduce 

the total number of blades could be done without having to sacrifice on the maximum or 

minimum apertures. As discussed earlier, this reduction was preferable from a reliability 

perspective. 

As shown in Fig. 7, the final proposed dimensions were:  

• Outside diameter: 14.76” 

• Maximum aperture: 12” 

• Minimum aperture: 6” 

• Number of blades: 15 
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Figure 6. A Fusion360 sketch showing the dividing of the housing into thirds. The cut for the lap joint can 

also be seen. 

 

Figure 7. A schematic of the final iris design at minimum aperture (created at https://iris-calculator.com). 

Front View 



 15 

Fabrication 

 The next step, which could be picked up by any future project, would be exporting 

the g-code from Fusion360 and running it on the Haas Minimill to cut the pieces. The 

housing could be cut from 0.25-inch-thick aluminum. With the housing divided into thirds, 

the first third and the first few blades can be considered test cuts. If they fit together and 

the blades move properly, the rest could be machined. If changes need to be made, they 

could be done in Fusion360 and the pieces recut. That “test cut” process could be 

repeated until the first third was exactly right.  

 There remained some discussion about how best to make the blades. One thought 

was to machine them as one piece, cutting down to a thin face while leaving the pin part 

of them sticking up. This would require two-sided machining. With the mill in the shop, 

the top and the bottom cannot be cut at the same time. A rig would be necessary to 

anchor the blades in exactly the same place to allow for identical cuts once they were 

flipped. The advantage would be once the g-code and machining set up are exactly right, 

the blades could be made quickly. The other proposal was to mill the faces of the blades 

and drill holes for where the pins would go. The pins could then be made on the lathe and 

press fit into the blades. This would eliminate the need for two sided machining, but 

would add an extra step to the fabrication process.  

Testing 

The proposed testing rig, reproducible by any future project, was designed to 

simulate the airflow conditions of a downdraft chimney. The iris would rest atop a 2ft tall, 

1ft in diameter cardboard concrete form tube. Closed to its minimum aperture, the iris 



 16 

would produce a sharp lip at the top of the tube. The bottom of the tube would be seated 

onto a fan sucking air down. The fan would hopefully mimic the airflow down through the 

chimney that would be observed under actual operating conditions. Using a fan would be 

easier than trying to generate the climatic conditions that would allow for the tube to 

actually perform as a downdraft chimney. At regular intervals down the tube, small holes 

would be drilled in the side. A hotwire anemometer2 would be inserted through them to 

capture airflow data at that specific distance from the top of the “chimney”. By stepping 

the hot wire across the diameter of the tube, millimeters at a time, the airflow could be 

recorded across the whole diameter (Everbach & Moser, 2018). The most important data 

would be in the region immediately below the lip, and establishing the length and profile 

of the backflow region. 

Discussion 

Design 

 Without having built the iris, it is difficult to evaluate the design decisions. The 

design favored simplification where possible, and manufacturability. It is possible 15 

blades will still prove to be too many and impossible to stack properly. It might also prove 

easier to divide the housing into six pieces instead of three to better take advantage of 

available stock, or to allow for more clearance in the mill. These and other questions can 

 
2 “A hot wire anemometer…is a device for measuring flow velocity by sensing the rate at which heat is 
carried away from a very fine wire…a variable current source injects sufficient current into the resistive 
element to keep its temperature constant; as heat is carried away more efficiently by higher fluid velocity, a 
greater current must be injected. The result is a sensor voltage (proportional to current) that varies with 
flow rate for a particular fluid – commonly air - according to a best-fit polynomial…The advantage of the 
hotwire sensor…is its amazingly rapid time response.” (Everbach & Moser, 2018) 
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only be answered through the prototyping process. Continuations of this project should 

include making multiple prototypes of the sections of the housing to test possible 

differences. Nonetheless, the Fusion360 files3 are a strong step towards a working 

prototype. Prior to the Covid-19 shutdown, everything was in place to do the first series of 

test cuts.  

Testing 

 The goal during testing would be to investigate the airflows at different distances 

away from the iris. As shown in Figs. 3 and 4, the sharp edge of the iris atop the chimney 

would create a backflow region immediately behind the iris as air flows into the chimney, 

along with zones of recirculation and toroidal flows. The hot wire anemometer would 

show how large these zones are, and what the airflow inside of them looks like. It would 

be interesting to see where the flow rejoins the sides of the tube, and how that varies 

with the aperture of the iris. A smaller opening will likely result in a longer backflow 

region, but testing is necessary to establish the exact relationship (Wanzheng, 2015). The 

airflow should also be tested at a reasonable distance down the “chimney” where uniform 

flow across the whole diameter can be established. This would give a better idea of what 

the airflow into a theoretical building might look like.  

It is important to note that airflow is used here as proxy for heat flow and heat 

exchange, which are the more important characteristics of the downdraft chimney. 

Airflow is just simpler to measure.  

 
3 Available on request. 



 18 

An entire E90 project could also be dedicated to setting up a true testing rig and 

using the tube and iris as a downdraft chimney. This would involve designing a system to 

mist water in at the top of the chimney. Tubes could be run up the outside of the chimney, 

but they would have to attach to the iris so that they mist at the opening, not just in the 

general area; although it is unclear how much the exact location of misting matters. Most 

downdraft chimneys have the heat exchange system inside the chimney, below the 

opening. To create the requisite environmental conditions, a heat lap could be used near 

the top of the chimney, but if the airflow is high enough, this might not be sufficient. The 

results could also vary widely based on the exact testing conditions, making it difficult to 

isolate the impact of the iris.  

Potential Advantages  

 The backflow region and recirculation zones with toroidal flows might prove to be 

advantageous. Because of them, the cold air flowing down the chimney is in contact with 

the walls of the chimney for a shorter length. There is less of a boundary layer. This means 

friction effects between the air and the walls of the chimney are reduced, potentially 

resulting in a more uniform and linear air flow down into the building as compared to an 

aperture solution where the entire chimney is deformed. This could improve the cooling 

performance, and would certainly make the flow more predictable which is beneficial 

considering one goal of most cooling systems is consistent interior conditions.  

 Additionally, the iris solution has the benefit of being adaptable to existing 

chimneys. Thought would have to be given as to how to anchor the iris to an existing 
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structure and how to achieve the mechanical motion, but it could improve the cooling 

performance of existing buildings in the right climates without a massive redesign.  

Conclusion 

 This project sought to blend together concepts dealing with fluid mechanics, 

thermal performance, architectural and environmental engineering, and prototyping. As a 

means to produce the variable opening of a chimney necessary for both downdraft 

cooling during the day and radiative night sky cooling after dark, an iris offers promise. 

The manufacture of the iris is practicable, and the design could positively impact the 

performance of the downdraft chimney as compared to other methods for modifying the 

upper aperture.  

 It is hoped a future E90 could pick up this project; continue with the prototyping of 

the iris, and test of the effects of the sharp edge on airflow and thermal performance. The 

final goal would be to make a small-scale prototype of the full system: chimney, iris, and 

space to be cooled. This project was a successful start towards that goal, offering 

background, design rationale, and the first steps of the prototyping process for the iris. 
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Appendix 

All quotes from iris-calculator.com 

Outside Diameter The diameter of the iris including the housing.  

Maximum Aperture The maximum opening of the iris.  

Minimum Aperture The minimum opening of the iris. “Specifying a minimum 

aperture can decrease the blade width, and thus reduce the 

overall outside diameter of the iris.” 

Number of Blades  

Blade Overlap “The amount the blade's back-edge overlaps its neighbour at 

maximum aperture, preventing the possibility of light leaks.” 

Outer Wall Thickness The extra thickness of the housing beyond what is necessary to 

house the blades. 

Blade width Driven dimension. 

Blade Gap “Gap allowing the leaves some slight over-travel beyond 

maximum aperture, and freedom to rotate. A larger gap may be 

necessary when specifying irises with small minimum apertures 

- dual-plane irises in particular. This is to allow the blade room 

to fully close at minimum aperture, and not try to penetrate the 

outer wall.” 

Movement “This is the amount of rotation required to open or close the 

iris.” Driven dimension.  

Pin Diameter “This defines the size of both the pivot pin and the drive pin.” 

Pin Clearance “This is the pin clearance fit for both the pivot pin and the drive 

pin slot.” 

Blade Thickness The z-dimension of the blades.  

 




