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SUMMARY

Passive evaporative cooling from a damp cloth or vessel can be used for localized cooling of perishables 

such as food and medicine, drinking water, and even people. Such applications have two key objectives, 

which are normally in tension with each other: minimizing the water consumption rate and maximizing the 

cooling (steady-state temperature swing between the cool cloth and the warm surroundings). Here, we pre

sent a simple device that delivers higher performance in both metrics simultaneously by adding a perforated 

aluminum foil sheet suspended over a stagnant air layer to thermally shield the evaporating surface while also 

facilitating mass transfer. Experimental results demonstrate a simultaneous 10%–25% increase in tempera

ture swing and 2–3× reduction in water consumption rate as compared to conventional evaporative cooling. 

This improvement is achieved through careful modeling to optimize the coupled heat and mass transfer 

through the airgap (thermally insulating and vapor permeable) and perforated foil (infrared reflective and va

por permeable).

INTRODUCTION

One in seven people globally lacks access to cooling via elec

tricity,1,2 and according to a UN sponsored report, this means 

that over 1 billion people, primarily in low-income and margin

alized communities, face risks from food insecurity and health 

due to inadequate access to cooling, especially as climate 

change causes global temperatures to rise.3 The scale of the 

global impact includes an estimated annual food loss 

exceeding 1 billion tons with a value of ∼1 trillion USD. This in

cludes over 50 countries identified as being highly impacted by 

a lack of access to cooling (Figure S1), and many of these pop

ulations must rely on passive methods for cooling perishables 

such as food and medicine as well as for personal thermal 

management.

Conventional evaporative cooling (see Figures 1A and 1B) 

has been used for centuries to passively cool perishables.4,5,6

For example, cooling a bag of grain by an additional 5◦C 

approximately doubles its storage lifetime,7 and over 100,000 

evaporatively cooled earthenware zeer pots in central Africa8

are capable of dramatically extending the shelf life of key 

vegetables, from only a few days at room temperature to up 

to 2–3 weeks in the cooled pots.9 Evaporative cooling through 

fur and hair is also important for thermoregulation of mam

mals,10 including humans.11 An important limitation, however, 

is that using evaporative cooling on a large scale raises the 

concern of water scarcity, especially in the hot, dry climates 

where it is most effective.

Therefore, the two key objectives in such applications are 

minimizing the water consumption rate while maximizing the 

cooling ability (e.g., as measured by the steady-state temper

ature difference, ΔT, between the wet cloth and the warm 

surroundings). These goals are generally in conflict with 

each other. For example, a notable recent work (Figure 1C) 

reduced the water consumption rate by incorporating an insu

lating aerogel sheet above a porous water-holding hydrogel 

layer.10 This shielded evaporative cooling approach demon

strated 2×–3× water savings compared to the conventional 

evaporative cooling configuration of Figure 1B but with the 

tradeoff of a ∼15% weaker cooling effect (less ΔT). There 

are also practical limitations when using aerogel (expensive 

and brittle) and hydrogel (takes hours to days to regenerate 

with water).

Other works12–18 have focused on evaporative cooling in out

door settings, most often assuming a rooftop or similar place

ment with a direct view of a clear sky so that the cold tempera

tures of deep space can be exploited as a heat sink for the 

thermal radiation. While such outdoor settings can substantially 

increase the temperature swing of an evaporative cooling de

vice, this also raises significant practicality concerns if applied 

to the storage of food and other perishables because of the 

increased risks of outdoor exposure to pests, dust, and 
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inclement weather. Accordingly, the present work focuses on in

door settings.

Here, we present an inexpensive and simple approach to 

shielded evaporative cooling in indoor settings that delivers 

higher performance in both key metrics simultaneously, both 

enhancing temperature swing and reducing the water con

sumption rate, without the necessity of open-sky exposure 

on a rooftop. As shown in Figure 1D, this new design works 

by introducing an airgap covered by a perforated aluminum 

foil sheet (ϕ-foil) above the conventional evaporative cooling 

configuration of Figure 1B. This thermally shielded design pro

vides additional radiative and conductive insulation against 

heat gain from the surroundings while still allowing water va

por to pass through, causing the evaporative cooling power 

to be better localized and trapped at the surface of the 

damp cloth. The choice of aluminum foil is due to its low 

cost and low emissivity, which blocks infrared (IR) radiative 

heat transfer from the surroundings and within the airgap 

(note that this is the opposite of the IR strategy for rooftop 

concept devices whose outermost covering is designed to 

transmit, rather than block, IR radiation in order to cool to 

deep space12–18). The foil can be perforated using either a 

needle-holding machine tool, which is precise and uniform 

for well-controlled experiments, or a microneedle roller, which 

is cheaper, faster, and more suitable for practical use (see 

Note S1; Figures S2 and S3).

RESULTS

Modeling framework

Conventional evaporative cooling is determined by the coupled 

heat and mass transfer between the wet cloth and the surround

ing air,19–21 as indicated schematically in Figure 2A. The differ

ence in water vapor concentration (here expressed in terms of 

its mass density, ρ) between the saturated vapor directly above 

the wet cloth surface (ρs = ρsat(Ts), where the subscript s denotes 

surface) and the drier surrounding ambient air (ρamb = 

RH×ρsat(Tamb), where RH is the relative humidity) drives vapor 

diffusion away from the surface and thus induces more evapora

tion. Here, ρsat(T) is the saturation vapor density at temperature T.

Due to water’s latent heat, hfg, this evaporation cools the 

cloth’s surface, lowering Ts and thus ρs. This phenomenon con

tinues until a steady state temperature difference is reached be

tween the surface and the ambient, and the evaporation rate be

comes constant. The two key performance metrics are the 

steady state temperature difference, ΔT = Tamb-Ts, and the 

Figure 1. Introduction to passive evaporative cooling, used around the world to cool food, water, and other perishables in regions that lack 

access to electricity 

These applications work best indoors or in otherwise shaded conditions. 

(A) A traditional passive evaporative cooling jar with a damp cloth, used to extend the shelf life of food, cool water, and preserve medicines (image from Thia

garajan4). 

(B–D) Comparison of three passive evaporative cooling concepts, each of which could be adapted to the jar indicated in (A). (B) Conventional evaporative cooling, 

such as the wet cloth covering the jar of food. The evaporation draws in heat from the surroundings and reduces Ts below Tamb. Any air movement (free-stream 

velocity v) makes the evaporation stronger, which is helpful for further reducing Ts but at the cost of increasing the water consumption, thereby representing an 

antagonistic heat- and mass-transfer tradeoff. (C) A previous work10 reduced the water consumption by introducing a hydrogel-aerogel bilayer. The aerogel 

reduces the heat gain from the surroundings while also impeding the evaporation rate, resulting in a longer cooling duration at the cost of a slightly warmer Ts 

(weaker ΔT). (D) The concept of this work. A stagnant airgap (similar to the aerogel in C but with much easier vapor mass transfer) is created above the evaporating 

surface, defined by a perforated aluminum foil designed to limit external heat gains from convection and radiation while still allowing water to evaporate. This 

increases both cooling duration and ΔT as compared to (B).
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relative cooling duration, τ, with SI units s-m2/kg, which is simply 

the inverse of the evaporation mass flux _m
′′
.

We focus on steady state and initially assume no additional 

heat loading from the backside of the cloth (a constraint which 

is relaxed later, see Methods section, Figures 3A–3D below; 

Note S2; Figure S4). In these conditions, the well-known solu

tion19–21 for ΔT is found by equating the heat flux downward 

from the surroundings, q′′
load = Tamb − Ts

Rheat
, with the heat flux of evap

oration, q′′
evap = hfg⋅ _m

′′
, where _m

′′
=

ρs − ρamb

Rmass 
is the evaporation 

mass flux (kg/m2s). This gives

ΔT ≡ Tamb − Ts = hfg ⋅
(

Rheat

Rmass

)

⋅[ρsat(Ts) − RH ⋅ ρsat(Tamb)];

(Equation 1) 

where Rheat and Rmass are the area-normalized total heat and 

mass transfer resistances, with units m2K/W and s/m, respec

tively. All resistors are normalized by the same area, that of the 

exposed top surface of the wet cloth. We evaluate the water 

saturation function ρsat(T) using the MATLAB XSteam 

package.22

The devices in this work exhibit a nearly constant cloth tem

perature (see Figure 3E) and evaporation rate (see Note S3; 

Figure S5) for many hours. Thus, the total cooling duration, tcool, 

scales linearly with the initial water loading m′′
0, expressed as kg 

of water per m2 of cloth face area. To normalize out the effect of 

the initial water loading, we introduce the relative cooling dura

tion, τ ≡ tcool=m
′′
0, which is a measure of the efficiency of water 

consumption. Assuming a constant evaporation rate ( _m
′′
), this 

key quantity is given by

τ≡
tcool

m′′
0

=
1

_m
′′ =

Rmass

ρsat(Ts) − RH⋅ρsat(Tamb)
: (Equation 2) 

Because we have expressed Equations 1 and 2 in terms of 

the generic resistors Rheat and Rmass, these results are univer

sally applicable to all three device configurations of 

Figures 1B–1D. Accordingly, the specific results for each de

vice configuration are obtained by evaluating each of their 

respective Rheat and Rmass circuits and then solving Equations 

1 and 2.

Beginning with conventional evaporative cooling,19–21 refer

ring to Figure 2A, we immediately see that its total heat transfer 

resistance is simply the parallel combination of external convec

tive and radiative heat transfer coefficients, Rheat = 1
hconv;ext+hrad;ext

. 

Trivially, its total mass transfer resistance is simply the external 

mass transfer coefficient, Rmass = 1
gext

.

The airgap and foil configuration of the present work intro

duces several new components into the heat and mass transfer 

circuits, as seen in Figure 2B. The heat transfer now includes par

allel conduction and radiation through the airgap to the foil, in 

parallel to radiation through the holes in the foil, giving an overall 

effective resistance of

R− 1
heat = ϕhrad;trans +

[(
(1 − ϕ)hrad;int+kair

/
Lair

)− 1 

+
(
hconv;ext+(1 − ϕ)hrad;ext

)− 1
]− 1

; (Equation 3) 

where ϕ is the foil open area fraction, Lair is the airgap thick

ness, and kair is the air thermal conductivity. Note that 

because the device operates indoors, we have treated the 

convection and radiation as both having the same external 

Tamb.

Similarly, the mass transfer resistance for the ϕ-foil + airgap 

configuration adds additional resistance due to the airgap and 

the foil:

Rmass =
Lair

Dair

+
1

ϕgfoil

+
1

gext

; (Equation 4) 

where Dair is the mass diffusivity of water vapor in air.

For both heat and mass transfer, the airgap is treated as a 

stagnant air layer rather than as convection (this is well justified, 

see Notes S4–S6; Figure S6). All components in these heat and 

mass transfer circuits were determined independently through a 

combination of literature and other auxiliary experiments (see 

Notes S7 and S8; Figure S7; Tables S1 and S2 for more details). 

Figure 2. Heat and mass transfer resistance networks in evaporative cooling 

(A) Resistance networks for conventional evaporative cooling, corresponding to Figure 1B. 

(B) Resistance network for the ϕ-foil + airgap design of this work, corresponding to Figure 1D. All resistances have been normalized by the exposed face area of 

the wet cloth. The resistors are color-coded as follows: orange for external heat and mass transfer, white for new internal conduction/diffusion resistances, pink 

for new radiative resistances, and gray for the new mass transfer resistance through the perforated foil.
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Finally, using Equations 1 and 2, we can predict temperature 

swing and cooling duration with no free parameters.

Benchmark horizontal cooling tests

The present device has two key design parameters: the open area 

fraction of the perforated foil, ϕ, and the airgap thickness, Lair. We 

explored these effects both experimentally (Figures 3A–3D and 

Methods section) and theoretically (Figure 2) through a series of 

devices of varying ϕ and Lair (Figures 3E and 4). Figure 3E shows 

a representative measured cooling curve for the conventional 

evaporative cooling configuration (corresponding to the sche

matic of Figure 1B) in gray, as compared to cooling curves for 

four ϕ-foil + airgap devices (schematic of Figure 1D) with varying 

foil perforation. The colored lines in Figure 3E show that ϕ-foil + 

airgap enhances both ΔT and tcool for all tested foils. The effects 

on tcool are pronounced, as it has more than doubled for all foils. 

Figure 3E also shows that ΔT in these devices has increased by 

more than 1◦C compared to the conventional approach. Micro

scopy shows no evidence of salt accumulation on the foil with 

the use of tap water (see Figure S8).

Next, Figures 4A and 4B summarize at a higher level the 

Figure 3E results for tcool and ΔT as functions of ϕ, all for fixed 

Lair. Model curves with no free parameters are also included 

(blue lines, using the model from Note S2, which augments 

Equations 1, 2, 3, and 4 with the modest backside Rparasitic), 

demonstrating excellent agreement with the experiments. For 

reference, the results for the conventional evaporative cooling de

vice are depicted by the gray lines. The results for the microneedle 

rolled foil of Figure 3E cannot be plotted in Figures 4A and 4B 

because the foil perforation is not well known, though its ϕ can 

be estimated to be around 8%–9% based on where that sample’s 

data falls in Figure 3E between the ϕ = 5.5% and 10% foils.

Similarly, Figures 4C and 4D show experimental and modeling 

results for varying Lair with fixed ϕ. The data in Figures 4C and 4D 

spans over 50 h of testing with tap water. Again, there is excellent 

agreement between model and experiment, across all 50 h of 

testing on the same foil, with no free parameters.

Thinking physically about the trends of Figure 4, we note that 

increasing Lair increases both Rheat and Rmass, the latter of which 

directly increases tcool (Figure 4C; Equation 2). On the other 

hand, when considering ΔT we see from Equation 1 that the 

heat and mass transfer resistances have competing effects 

(see Note S9 and Figure S9), and either might dominate in 

different regimes of Lair depending on the contributions of the 

other terms to Equations 3 and 4, as discussed further below 

with Figure 5. Note that the device with nominally zero Lair corre

sponds to the foil being placed directly on top of the wet cloth, 

i.e., direct contact with no spacer or scrim to hold a small gap. 

In practice, we believe the residual airgap for this nominal ‘‘direct 

contact’’ condition to be in the range 0 ≤ Lair ⪅ 300 μm, the un

certainty of which has essentially no practical effect on the model 

or experiment (see Note S9). The thermal circuit of Figure 2B and 

the corresponding model of Equation 3 are both smooth and 

continuous with respect to Lair, including in the limit Lair → 0, so 

that in both model and experiment we confirm that there are 

no step function artifacts related to the foil potentially being in 

direct contact with the cloth.

Another metric for a limited-time cooling device like this is its 

‘‘◦C-hour cooling,’’ which captures the combined effects of 

both ΔT and cooling duration by multiplying them. This is closely 

Figure 3. Benchmark horizontal cooling experiments 

Experimental setup (A–D) and representative cooling curve results (E) for varying foil perforation. (A) Side view schematic, including the possibility of parasitic heat 

loading q’’parasitic from the back side. TCs, thermocouples and HFS, heat flux sensor. (B–D) Series of the top-view photographs showing sequential steps in 

assembling the device. (B) View of the thermocouples and HFS on top of the insulation. (C) After placing the wet cloth. (D) Final configuration after placing the 

perforated foil. The bright pink and translucent brown strips in (B–D) are pieces of tape used to secure various wires and the top foil. (E) Experimental cooling 

curves show the effects of varying foil perforation ϕ on the cooling performance of the ϕ-foil device (colored curves) as compared to conventional evaporative 

cooling (gray curve). Lair is fixed at 6 mm with v = 0.10 m/s, Tamb = 30◦C, RH = 40%, and m′′
0 = 0.42 kg/m2.
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related to the concept of ‘‘cooling-degree days’’ used in 

analyzing air conditioning demand. Referring to Figure 3E, the 

best performing device had 5.5% open area foil with a 6-mm air

gap (green curve). Compared to the conventional evaporative 

cooling configuration (gray curve in Figure 3E), this best device 

gave a 2.5× increase in cooling duration and 17% increase in 

the cooling ΔT, which together give a 2.5 × 1.17 = 2.9×

increase in the ◦C-hour cooling (for comparison, the previous 

Figure 4. Summary of the key performance metrics tcool and ΔT when varying the two main design parameters ϕ and Lair 

(A) and (B) vary ϕ with fixed Lair and, similarly, (C) and (D) vary Lair with fixed ϕ. Points in (A) and (B) were obtained by analyzing the raw cooling curve data from 

Figure 3E and, similarly, the points in (C) and (D) from analogous T(t) cooling curve data. (A) Summary of tcool as a function of ϕ for the three devices from Figure 3E 

with well-characterized ϕ (points), along with the model with no free parameters (solid lines). For comparison, tcool for the conventional configuration of Figure 1B 

is indicated by the gray lines for the corresponding measurement (light gray, dashed) and model (darker gray, solid). (B) The analogous summary of the ΔT results. 

Similarly, (C) and (D) are analogous to (A) and (B) but for varying Lair at fixed ϕ. Other experimental parameters for all panels are Tamb = 30◦C, RH = 40%, and m′′
0 = 

0.42 kg/m2, with v = 0.10 m/s in (A) and (B) and 0.07 m/s in (C) and (D). Error bars are ±0.2◦C (average standard deviation between two thermocouple readings) for 

ΔT, ±0.5 h (average time taken to go from Tamb to Ts at the start of experiments) for tcool, and ±0.5% (average standard deviation over four measured hole areas) for 

ϕ and ±1 mm (ruler measurement limit) for Lair.

Figure 5. Parametric modeling of the ϕ-foil + airgap design 

(A) Effects of ϕ and Lair on ΔT, expressed on a normalized basis as compared to ΔT for conventional evaporative cooling. 

(B) Similar model results for cooling duration, again on a normalized basis. 

(C) Pareto curve of the normalized ΔT and τ for this work, along with the corresponding Pareto curve for a previous cooling enhancement device using hydrogel 

and aerogel.10 The purple points 1, 2, and 3 on (A) and (B) lie on the line of maximum normalized ΔT for a given normalized τ, which is also depicted in (C). For all 

results in this figure Tamb = 30◦C, RH = 40%, and v = 0.10 m/s.
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hydrogel-aerogel device10 reported a 2.5× increase in ◦C-hour 

cooling as compared to the conventional configuration).

We also have extended this study to consider the performance 

when a substantial heat load is applied to the backside, by in

serting a joule heating sheet between the wet cloth and the insu

lation, equivalent to a prescribed q’’parasitic in the schematic of 

Figure 3A. The results for ΔT as a function of the heat load are 

given in Notes S10–S12 and Figures S10–S13, with excellent 

agreement between model and experiment, and the present de

vice again outperforms conventional evaporative cooling for heat 

loads up to 60 W/m2.

Parametric modeling

Having validated the heat and mass transfer model against ex

periments in Figures 4, S5, and S10, we now use the model to 

analyze a broader range of the principal design parameters, ϕ 
and Lair. We continue to emphasize the key performance metrics 

ΔT and τ, here focusing on their dimensionless values as normal

ized to conventional evaporative cooling under the same 

external conditions, and all assuming no parasitic heat gain or 

applied heat load.

Figures 5A and 5B show the results of these model parametric 

sweeps. Figure 5A shows that this relative ΔT (colored contours) 

is maximized for an intermediate range of Lair and ϕ. For 

example, see the yellow contour which covers from around Lair 

∼1–8 mm and ϕ ∼5%–10%. Figure 5B, on the other hand, shows 

a purely monotonic dependence of the relative cooling duration 

on both design variables; the cooling time is always extended by 

reducing the foil porosity and/or increasing the airgap thickness, 

which makes sense because both increase the overall mass 

transfer resistance.

Finally, we merge the information from Figures 5A and 5B into 

a single Pareto curve in Figure 5C. This represents the optimal 

frontier of the maximum ΔT that could be achieved for a given 

τ, and equivalently, the maximum τ that could be achieved for 

a given ΔT, by choosing the corresponding optimal values of 

(ϕ, Lair), such as the three purple points from Figures 5A and 

5B marked 1–3. This optimal frontier in Figure 5C has a nearly 

constant ΔT, yet the relative cooling duration can be greatly 

increased from 1.25 to 4 (following along the marked points 

from 1 to 3) with only a minimal reduction in ΔT.

For comparison, Figure 5C also shows the equivalent pareto 

tradeoff curve for the model from the previous aerogel/hydrogel 

work (where Rheat = 1
hconv;ext+hrad;ext

+ Laero

kaero 
and Rmass = 1

gext
+ Laero

Daero 
, us

ing material property values from Lu et al.10); while that approach 

could also achieve major gains in the cooling duration, it came 

with an antagonistic reduction in ΔT as compared to conven

tional evaporative cooling.

Demonstration in a jar with thermal mass

We conclude the experimental results with a demonstration 

closer to the real-life use case of a jar with perishables (as in 

Figure 1A). A glass jar was filled with kinetic sand as a thermal 

mass representing the perishable to be cooled, and wrapped 

in a wet cloth covered by ϕ-foil, as indicated in Figures 6A and 

6B. Three fine-gauge thermocouples were embedded within 

the sand.

Revising the heat and mass transfer model in light of the verti

cal nature of the jar surface because that makes the external nat

ural convection non-negligible (see Notes S5 and S13; 

Figure S14), the model indicates that the best performance is ex

pected for airgaps of 0–10 mm, and moderate open area frac

tions of ∼10%–20%. We therefore used a microneedle rolled 

foil with ∼2× perforation density of that from Figure 3E with its 

estimated ϕ of 8%–9%, giving an estimated ϕ of 16%–18%, 

and we wrapped it closely around the underlying cloth, 

Figure 6. Experiments mimicking the real-life use case of indoor evaporative cooling for preserving perishable foodstuffs in a jar 

(A) Schematic of the experimental setup and relation to Figure 1A, with sand (red) representing the thermal mass of a stored perishable. The lower schematic 

represents a cross-section at the indicated mid-plane. 

(B) Photographs corresponding to the diagrams in (A). 

(C) Experimental cooling curves (average of the three thermocouples from (A)) for the sand thermal mass within the glass jar. Note: for the blue curve, the foil was 

added after 1.5 h to demonstrate the immediate ΔT boost. (In these trials, Tamb = 30◦C, RH = 40%, v = 0.07 m/s, and m′′
0 = 1 kg/m2 water loading).
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corresponding to an airgap of less than 1 mm. To demonstrate 

the impact of the ϕ-foil approach, we compared it directly to 

measurements in the conventional configuration for the same 

jar wrapped with just a wet cloth alone.

The measurement results in Figure 6C show several inter

esting features. The equilibration time to reach steady state 

is now over 1 h, much longer than in the previous exp

eriments, due to the additional thermal mass of the sand. 

Most importantly, comparing the blue (ϕ-foil) and gray (con

ventional configuration) device results in Figure 6C, we 

again see a simultaneous increase in temperature swing (by 

about 20%) and cooling duration (by about 50%) with the 

addition of the foil, demonstrating the real-life potential of 

this work.

DISCUSSION

We now consider the fundamental drivers and ultimate limits of 

simultaneous ΔT and τ enhancement in shielded evaporative 

cooling for indoor settings. Table 1 puts these fundamental 

quantities in context across a variety of designs, including their 

theoretical limits as well as summarizing what has been achieved 

in practice. Focusing on a fixed environmental Tamb and RH (see 

Note S14; Figures S15 and S16 for effect of Tamb and RH), the 

dominant effect on τ is easily seen in Equation 2: increasing 

Rmass tends directly to extend τ (although there are also sec

ond-order effects via the ρsat(Ts) term, which couples with 

Equation 1). Similarly, Equation 1 shows that ΔT is driven by 

both Rheat and Rmass, though importantly, they emerge tied 

together as the ratio Rheat/Rmass.

The first three rows of the table deal with conventional evapo

rative cooling, in which the free-stream airspeed v can play a ma

jor role (see Notes S15 and S16 and Figures S17 and S18). 

Regardless of the orientation (horizontal and vertical) and 

convective regime (natural and forced), the heat and mass trans

fer boundary layer analogies19,23 apply and thus hconv,ext and gext 

are linearly related by:

gext

hconv;ext

=
Dair

kair

⋅Len; (Equation 5) 

where Le is the Lewis number (0.85 for water vapor in air at room 

temperature), and the exponent n ranges from 1/3 to 1/4; there is 

virtually no practical difference between Le1/3 and Le1/4. Thus, 

for air, the ratio 
gext

hconv;ext 
= 9.1 × 10− 4 m3K/J at room temperature, 

regardless of the convective regime, leading to an important 

theoretical limit in conventional evaporative cooling as seen in 

row 1 of the table. It is clear (Figure 2A; Equation 1) that ΔT is 

maximized when radiation is negligible, in which case, Rheat

Rmass 

goes from 
gext

hconv;ext+hrad;ext 
to simply 

gext

hconv;ext
, and thus ≈9.1 × 10− 4 

m3K/J from Equation 5. For the reference scenario of Tamb = 

30◦C and RH = 40%, the corresponding theoretical maximum 

ΔT = 10.2◦C.

Row 2 is a more practical limit of forced conventional evapo

rative cooling for strong but finite hconv,ext and non-negligible hra

d,ext, approximating the wet bulb temperature.24,25 In practical 

passive evaporative cooling (row 3), however, airspeeds are 

low and the relative influence of radiation is larger, resulting in 

a reduced Rheat

Rmass
, and therefore under these conditions, ΔT = 

7.1◦C, as seen in Figure 4.

Turning to shielded evaporative cooling, we first consider the 

ideal properties of the insulating layer (e.g., aerogel and air) 

above the damp cloth. As the thickness of this layer becomes 

sufficiently large, the ratio Rheat/Rmass tends to D/k. Thus, it is 

the ratio between vapor diffusivity and thermal conductivity, 

rather than either property in isolation, that is the most important 

factor in determining ΔT. Even though aerogel has an outstand

ingly small k, even below kair, its microstructure also impedes va

por flow, and aerogel’s D/k ratio is over three times worse than 

that of air (compare rows 4 and 5). Thus, in this ideal limit (which 

in principle might be approached with ϕ-foil using a double foil 

layer with staggered holes to completely block direct IR trans

mission or a single layer with ∼1 μm sized holes, see Note 

S17), Rheat/Rmass for passive shielded evaporative cooling using 

an air layer has >3× the Rheat/Rmass of aerogel, and even sur

passes the theoretical limit for forced conventional evaporative 

cooling (compare rows 5, 4, and 1). Because the hole diameters 

in these ϕ-foil designs are around 200 μm and greater, the heat 

and mass transfer physics remain solidly in the classical, contin

uum regimes. However, if much smaller holes were considered 

with diameters approaching ∼10 μm, several additional subcon

tinuum transport phenomena should also be considered (see 

Note S17).

Despite air having a highly favorable D/k ratio for enhancing 

evaporative cooling, unlike aerogel, it also has the major short

coming of transmitting IR thermal radiation. Thus, a vital part of 

the present research is incorporating the perforated aluminum 

foil and the joint optimization of its radiative and mass-transfer 

properties. Comparing the experimental results in rows 3 and 6 

shows that the ϕ-foil + airgap design is the highest performing, 

both in terms of the fundamental cooling metrics Rheat/Rmass 

and ΔT, as well as Rmass individually, which drives the water us

age efficiency (see Note S18; Table S3 for comparison to 

modeled aerogel/hydrogel and further discussion).

Finally, we identify an ultimate theoretical limit to any shielded 

evaporative cooling (row 7) by considering Rheat/Rmass →∞ in 

Equation 1. Since ΔT must remain finite, ρsat(Ts) must equal 

RH×ρsat(Tamb), which yields a theoretical minimum value for Ts. 

This is simply the dew point. For the selected reference scenario, 

this gives a theoretical ΔT limit of 15.9◦C.

The main focus of this paper is evaporative cooling in an indoor 

environment, where storage of cooled perishables is likely to be 

most practical due to the shelter from pests, contaminants, and 

inclement weather. In Note S19 and Table S4, we also comment 

on how this ϕ-foil design is expected to perform in several types 

of outdoor environments. Besides the hydrogel + aerogel device 

of Lu et al.,10 which was only analyzed for a shaded indoor 

setting, another somewhat related work on shielded evaporative 

cooling is Yu et al.13 for a hydrogel + air layer + porous polyeth

ylene film device. A major difference, however, is that the latter is 

intended for outdoor use with a direct view of a clear sky, which 

means it must manage the solar load and also can exploit the 

cold temperature of deep space as an IR heat sink; thus, the 

polyethylene film in Yu et al.13 is chosen for high IR transmissivity 

to maximize IR heat exchange. This is the opposite of what is 

required for indoor cooler applications like the present ϕ-foil 
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device and Lu et al.,10 which need to minimize IR loading from 

the warmer surroundings.

We designed and demonstrated an inexpensive, easily fabri

cated enhancement for indoor shielded evaporative cooling by 

introducing a stagnant airgap layer held in by a perforated 

aluminum foil. This design synergistically increases both cooling 

duration and temperature swing, thereby overcoming their long- 

standing antagonistic tradeoff.10 By minimizing radiation ex

change with the surroundings (opposite of some other ap

proaches that work best outdoors with a clear view to deep 

space12–18), the present design is well suited for use indoors or 

in similarly sheltered locations, which is advantageous for 

reducing exposure to weather, contaminants, and animals 

when preserving perishables like food, water, or medicine.

While the present work has focused on applications with negli

gible steady-state heat load from the cooled object, such as 

keeping perishables cool, the ϕ-foil and airgap approach is 

also beneficial for situations that require dissipating a modest 

heat load, like cooling of the human body in extreme heat 

weather events26,27 (see Notes S10–S12). Future work could 

explore the ϕ-foil approach for such thermal management appli

cations, as well as pursue more fundamental design strategies to 

better approach the Rheat/Rmass →∞ dew point theoretical limit.

METHODS

Experimental setup for benchmark horizontal cooling 

tests

The benchmark horizontal experiments were conducted in the 

setup shown in Figure 3A (similar to Lu et al.10). All measure

ments were performed in an environmental chamber (Electro- 

Tech Systems 5532) with controlled temperature and relative hu

midity, held at Tamb = 30 ± 0.2◦C and RH = 40% ± 5%. The Tamb 

and RH were also independently verified using two thermo-hy

grometers (HOBO MX1101). The air speed inside the chamber 

was also adjustable and was held at v = 0.07 m/s or v = 

0.10 m/s (measured using a TESTO hot wire anemometer), an 

acceptable range to represent typical non-ventilated indoor air 

conditions28 (Notes S20 and S21; Figure S19).

The following device assembly steps were also performed in

side the environmental chamber. The initial water mass loading 

was m0 = 6.0 grams of tap water (measured by a mass balance), 

added to a 12 cm by 12 cm polyester cloth (1 mm thick, Barce

lonetta, dry fit material), corresponding to m′′
0 = 0.42 kg/m2 initial 

water loading (Figure 3C). The perforated foil (fabrication details 

in Note S1; Figures S2 and S3, characterization details in Notes 

S7 and S8; Figure S7; Tables S1 and S2) was then added imme

diately (Figure 3D), followed by a temporary vapor impermeable 

cover (not shown in Figure 3), which was used to allow the device 

to come to uniform thermal equilibrium with Tamb (∼30–60 min) 

while still retaining the initial water loading. To start the test, 

the temporary vapor barrier cover was removed, establishing 

time t = 0. The cloth temperature Ts was recorded continually 

as the average of the two thermocouples (TCs) depicted in 

Figures 3A and 3B. Each test continued until all water was evap

orated, which was identified by Ts returning very close to Tamb 

(within 0.2◦C).

We conducted experiments for conventional evaporative 

cooling as the baseline comparison in the same manner, 

without the foil and side insulation. We used measurements 

from the heat flux sensor (HFS) to infer the value of an 

Rparasitic (see Note S2) that accounts for the modest parasitic 

Table 1. Summary of ideal limits and practically achievable values for various approaches to indoor evaporative cooling, both 

conventional (rows 1–3) and shielded (rows 4–7)

Row Design configuration

Convection 

hconv,ext (W/m2K)

Radiation 

hrad,ext (W/m2K)

Rmass 

(s/m)

Rheat/Rmass 

(10− 4 m3K/J)

ΔT in ref. scenario 

(Tamb = 30◦C, RH = 40%)

1 conventional ideal limit of strongly 

forced convective 

evaporation

→∞ N/A →0 gext

hconv;ext

= 9.1
10.2◦C

2 practical, in forced 

air (same as wet bulb T)

∼25 5.2 45 gext

hconv;ext+hrad;ext

= 7.6
9.5◦C

3 practical, passive 

evaporation (Figure 4)

∼4 5.2 275 gext

hconv;ext+hrad;ext

= 3.6 7.1◦Ca

4 shielded aerogel shielded [Lu et al.10], 

ideal limit (infinitely thick 

aerogel)

N/A N/A →∞ Daero

kaero

= 3.0
6.3◦C

5 ϕ-foil and air shielded, 

ideal limit (infinitely thick 

airgap)

N/A N/A →∞ Dair

kair

= 9.6
10.4◦C

6 ϕ-foil and air shielded, 

practical (Figure 4) 

(Lair = 6 mm, ϕ = 0.1)

∼4 <0.5 550 Rheat

Rmass

= 6.1
8.4◦Ca

7 ultimate theoretical limit 

(same as cooling to dew 

point T)

N/A N/A →∞ Rheat

Rmass

→ ∞ 15.9◦C

N/A, not applicable.
aExperimental results (rows 3 and 6). See Note S18 for the expanded version of this table.

8 Cell Reports Physical Science 7, 103386, July 15, 2026 

Article

ll
OPEN ACCESS



heat gain through the backside of the insulation, denoted 

q’’parasitic in Figure 3A and found to correspond to no more 

than 15% of the direct heat flow through the topside of the 

device.
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