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Abstract: The transport of temperature-sensitive biological samples (blood, medicines, patient
samples, vaccines, organs, etc.) to hard-to-reach places remains a challenge. This is especially true in
places where infrastructure is limited, for which the use of unmanned aerial vehicles (UAVs) is an
attractive solution. In this project, a cooling system compatible with on-board drone applications for
the delivery of samples that require cold temperature storage and transportation was built, tested,
and characterized. Specifically, a miniature polystyrene cooling unit with Peltier coolers was designed
and built, enabling temperatures as low as —10 °C within the unit to be achieved. Further, passive
and active cooling control strategies including the use of active feedback-control were explored to
achieve a consistent temperature range between 2 °C and 8 °C. Finally, calculations of on-board
power and battery weight required to achieve target cooling performance as a function of ambient
environmental conditions are presented. Overall, this study presents an important step towards the
design and development of drone-based technologies for temperature-sensitive sample delivery.

Keywords: UAV; active cooling; thermoelectric; temperature-sensitive delivery; biological samples;
medical applications

1. Introduction

Transporting small quantities of frozen goods, such as vaccines, to remote locations
without adequate infrastructure is challenging and a problem that has been exacerbated
by the recent COVID pandemic [1]. Unmanned aerial vehicle (UAV) technology has
matured and is being used in search and rescue operations, transportation of goods, military
operations, traffic monitoring, agriculture, and aerial photography [2-5]. Recent work has
described UAV networks for the transport and processing of biological samples in urban
areas, where UAVs leave from a central place within a city and return after delivering the
samples [6,7]. UAVs are an ideal transportation solution to circumvent any terrain and
infrastructure-related impediments for rapid transport. Further, research suggests that the
use of drones for biological sample transportation does not adversely affect the integrity
of the sample [8-10]. Therefore, drone-based solutions are likely to be very useful for a
broad range of biological sample delivery applications to both hard-to-reach places and for
nearby rapid transport [11-14].

In most existing studies involving drones for biological sample delivery, samples are
typically kept frozen/cold on a UAV using passive methods such as dry ice, conditioned ice
packs, and thermally sealed containers [15-22]. Both fixed wing [23] and multicopter [24]
vehicles have been used to deliver vaccines and other medical products, however active
cooling has not been demonstrated on either of these vehicles. While dry ice is an inexpen-
sive method, it is not usable in the off-grid locations of resource-limited settings, where
these solutions are typically needed.
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The current method of using conditioned ice packs to cool vaccines is inefficient due
to their weight. Studies have shown that ice packs, which typically weigh between 500 g to
1 kg, can occupy more than one-third of the UAV’s payload capacity, thereby reducing its
range by up to 30% due to increased energy consumption and reduced flight stability [25,26]
(see Table Al). Additionally, dry ice or ice packs do not allow closed-loop control of
temperature, which may be required for certain payloads such as medicines that have to be
maintained in a certain temperature range or samples that cannot be frozen [11,12]. For
example, freezing liquid drugs such as insulin, can compromise their integrity if thawed
quickly [27]. Therefore, active control of temperature on a UAV is essential.

A major alternative to passive cooling strategies is refrigeration. Though a refrigerator
can be put on a UAV, the weight and power requirements that significantly cut down
the range do not make this an attractive solution [15]. While there are multiple cooling
methods [28] (see Table A1), thermoelectric modules using the Peltier effect are ideally
suited because they are solid-state and light weight [29-32]. Furthermore, since a heavier
battery would be required to drive the Peltier over longer flying distances, cooling require-
ments can often result in a tradeoff with the achievable flying time. For instance, a prior
study [33] that used a thermoelectric cooler for drone-based delivery of samples was able
to demonstrate the lowest stably maintained temperature of 12 °C for ~15 min flight time.
This temperature range is well outside the range of maximum allowable temperatures
for the refrigeration conditions as per the ICH guidelines [34], likely requiring a tradeoff
with flight time to reach lower temperatures. Since thermoelectric coolers typically suffer
from low energy efficiencies, there is also a need to increase the thermoelectric efficiency
and minimize heat transfer losses of the cooler to both preserve cold temperatures so the
batteries can be efficiently used and to increase flying time to reach more remote locations.

In addition, it is to be noted that different biologicals require storage and transportation
at different temperatures [11,12]. Therefore, cooling systems for drones that are amenable to
operating at different cooling temperatures are desirable. An example study [35] developed
a cooler that operated at three distinct cooling temperatures. While the study represents
a first step toward such variable temperature cooling operations and strategy, the lack
of flexibility in operating a dynamically tunable range of operating temperatures limits
the scope of the presented approach. One approach to address this challenge is to be
able to dynamically use real-time schemes to monitor and control temperature within the
cooler, as shown in a previous study [36]. However, the aforementioned study was able
to demonstrate cooling only to as low as 24 °C for a 15 min flight time, thereby restricted
in real-world applications that require refrigeration and below-freezing temperatures for
biological samples.

The aforementioned background presents a pertinent and urgent challenge: How can
vaccines and other frozen goods be safely transported via UAVs to remote locations and off-
grid locations, while ensuring their viability upon arrival? According to UAV for Payload
Delivery Working Group [37], since 2015, over half a million medical deliveries (e.g., blood,
diagnostics specimens, vaccines, syringes, viral load samples, emergency medications,
tuberculosis samples, sputum samples, etc.) have been made by UAVs in 39 countries
across all continents (except Antarctica) with drones made by over a dozen companies.
Interestingly, several state-of-the-art commercial drone solutions currently utilize passive
cooling methods, again highlighting the limitations and challenges faced in UAV-based
medical supply delivery. Moreover, incorporating conditioned ice packs for passive cooling
in commercial drones, such as those from Swoop Aero [38] and Zipline [39], significantly
impacts payload capacity and operational efficiency. Swoop Aero’s drones, designed for
delivering medical supplies in remote areas, face limitations due to the weight and lack of
precise temperature control associated with passive cooling methods. Zipline, known for
its extensive network of medical supply deliveries, also relies on passive cooling, which
can lead to temperature fluctuations and reduced flight range, especially in varied ambient
conditions. Limitations of these commercial solutions highlight the need for advanced
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cooling systems that offer lightweight design and precise temperature management to
enhance the reliability and range of UAV operations.

While several of the existing cooling solutions for drones have passive cooling mech-
anisms, to the best of our knowledge, none of these drones have demonstrated stable,
tunable, and active cooling mechanisms that achieve temperatures spanning a range of
both refrigeration and below-freezing conditions across a range of ambient to warm condi-
tions. Our research introduces a novel approach to active cooling for UAVs by integrating
a lightweight thermoelectric cooling unit with active feedback control mechanisms. Unlike
previous studies that primarily focused on passive cooling methods, our system achieves
and maintains temperatures as low as —10 °C, providing a broader operational range
suitable for various biological samples. A significant innovation in our study is the imple-
mentation of an active feedback-control scheme that not only maintains precise temperature
ranges (2 °C to 8 °C) but also improves energy efficiency. This is achieved by dynami-
cally adjusting the cooling duty cycle based on real-time temperature readings, thereby
reducing power consumption and extending the operational range of UAVs. Furthermore,
our study presents a comprehensive analysis of the tradeoffs between battery capacity,
payload weight, and cooling performance. This includes developing performance curves
that guide the design and selection of battery and cooling components based on specific
mission requirements and ambient conditions. Such detailed design strategies have not
been quantified and addressed in existing literature.

Specifically, in this study, an experimental study and demonstration of an active
cooling system designed for UAV applications that involve the delivery of temperature-
sensitive samples is presented. For this, a thermoelectric cooling unit was custom-built
and used to perform several ground-based tests to characterize the cooling performance.
Specifically, the performance of the cooling unit with and without active cooling was
compared as a function of the ambient temperatures. Further, a feedback-controlled scheme
was implemented to achieve precise temperature control and energy-efficient cooling via
reduced duty cycles. Thereafter, simple performance curves that relate various design
targets for cooling including on-board power requirement and additional battery payload
required for the drone were developed as functions of the ambient conditions. The cooling
system presented in this work is compliant with the requirements of biological sample
storage and transport in a refrigerator module (5 &= 3 °C) as defined by the ICH guidelines
involving the stability testing of new drug substances and products [34]. Further, as
described in this work, the cooling system can also be re-engineered to operate as a freezer
(=20 £ 5°C) [34] by the simple addition of additional thermoelectric modules. The methods
and analyses presented here provide design strategies and considerations for developing
on-board cooling and temperature-controlled systems for drone applications.

2. Materials and Methods

The cooling unit was built with a small box with expanded polystyrene (XPS) which
had an inner volume of 2.25 in x 3 in x 3 in. On one side of this box, a hole was made
to snugly fit in a thermoelectric cooler (TEC1-12706K10); see Figure 1A and Table A2 for
detailed technical specifications of the thermoelectric cooler. To log the temperature inside
the box, a Circuit Playground Bluefruit (Adafruit-4333, Adafruit Industries LLC, New York,
NY, USA) and an MCP9600 temperature sensor with a K-type thermocouple (Adafruit-4101,
Adafruit Industries LLC, New York, NY, USA) were used. For improved heat transfer,
Arctic Silver 5 (AS5-3.5G Syringe, Artic Silver Inc., Visalia, CA, USA), a special thermal
compound, was applied to the hot side of the Peltier device, which was connected to a heat
sink and a fan. The cooling area inside the box had an aluminum foil stage in contact with
a small aluminum block (1/8 in x 40 mm x 40 mm), placed along the wall of the box. This
block was connected to another aluminum block sandwich of the same dimensions but
thicker (5/8 inch), to fill the space cut in the XPS box. This second block was attached to
the cold side of the Peltier device using thermal glue. To keep the lid tight and prevent heat
from escaping, another piece of XPS was used to snug fit when closed and then a weight
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was put on it. Finally, a 1/4-inch-thick polyurethane sheet was added at the end of the
chamber, opposite the Peltier side. This sheet reduced the space inside and helped insulate
the chamber. Frozen ice in a steel cup was used as the model sample for all the experiments,
and temperature measurements were taken at the following locations: (i) hot side of the
Peltier cooler (located on the outside surface of the cooling unit), (ii) the surface of the
aluminum foil in contact with the cool side of the Peltier within the chamber, (iii) below the
ice cup, and in some cases, (iv) just above the sample as a measure of chamber temperature
near the sample.

A

Figure 1. Images of the small, custom-built expanded polystyrene (XPS) cooling unit for drone
applications. (A) Stack of a Peltier cooler and aluminum blocks used to fill a cut side hole of the XPS
box and integrate the thermoelectric cooler with the unit. (B) Top plate to create a tight seal for the
inner chamber. (C) Frozen ice in a cup was used as the sample. (D) Fully assembled cooling unit
with a heat sink. (E) Placement of thermocouples for real-time temperature monitoring. (F) Different
ambient conditions were simulated by blowing cool air over the exterior of the unit/heatsink.

Various conditions (ambient to warm; 22 °C to 50 °C) were simulated on the ground
by blowing air over the exterior of the unit on the heatsink side. Further, as control groups,
we tested conditions where the chamber was passively cooled by being kept insulted (i.e.,
no actively cooling mechanism in place) or by using a preconditioned ice pack (~500 g), and
in conditions where the chamber was pre-cooled prior to sample placement. In the latter
condition, the chamber was precooled using the thermoelectric cooler till the measured
temperature in the chamber was around 2 °C, and this usually took less than 10 min. The
primary design objectives of our cooling unit were to develop a system that is light weight
and compact, capable of maintaining cool temperatures for operation in ambient to warm
external environments, and designed for flight durations that are typically less than 30-min
(i.e., for last-mile delivery; an example commercial solution by Zipline delivers samples at a
range of 24 km at 70 mph within 20 min [39]). Hence, we limited our testing and analysis to
cooling duration of a maximum of ~50 min, where our cooling unit also exhibited constant
power consumption of ~10-15 W.

3. Results and Discussion

The cooling unit that was just passively cooled was tested initially. Thereafter, the
unit was tested under conditions with active cooling, and finally, for conditions with active
cooling and real-time feedback. Based on these experiments, the cooling performance,
battery capacity and weight tradeoffs for drone applications were evaluated.
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3.1. Performance with No Active Cooling

First, the performance of the cooling unit with no active cooling was evaluated to test
the insulation capabilities of the system. The heat insulation performance of the cooling
unit upon placement of a sample was evaluated under the following three conditions where
no active cooling was used: (i) when the chamber was not precooled, (ii) when the chamber
was not precooled but instead had a frozen ice pack to maintain a cool environment, and
(iii) when the chamber was precooled to 4 °C prior to placing the sample. Precooling was
performed by plugging in the Peltier and having it cool the chamber and a cool environment
was simulated by putting the cooling module next to an AC vent.

Figure 2 shows temperature versus time for conditions where no precooling was
performed. In the absence of an ice pack (Figure 2A), the temperature below the sample
very quickly rises above 8 °C within around 500 s, i.e., the sample can be kept below the
desired range of 2 °C to 8 °C (c.f. ICH guidelines for a refrigerator [34]) for only less than
~8 min. Consistent with no power being supplied to actively cool the system under these
conditions, the temperature of the hot and cold sides of the Peltier also drops over time,
suggesting that the sample is thermally equilibrating with the environment. When an ice
pack was added to the chamber, mimicking current methods using cooling with ice packs
and with no other form of active cooling, the temperature below the sample remained
constant at nearly 8 °C for over 2500 s (Figure 2B). This suggests that to achieve and sustain
a cool temperature below 8 °C within the chamber for longer times, some form of active
cooling was needed. As described in the following sections, this was achieved with active
Peltier cooling since it provides more direct control of the cooling performance across a
wide range of conditions while being able to minimize the payload weight and cooling
time/power consumption depending on the environmental conditions.

A No precool B No precool + Ice Pack
— Peltier hot side — Below sample — Peltier hot side — Below sample
— il i i i 304 — Alfoil i tact with Peltier cold sid
& 30 Al foil in contact with Peltier cold side G oll in contact with Feltier cold siae
(<] [<]
@ @ \\_\“—__
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Figure 2. Baseline passive cooling performance of the system. Measured temperature versus time for
(A) No precooling of the chamber prior to loading the sample, and (B) when an ice pack was addi-
tionally included within the chamber under similar conditions as (A). The rapid drop in temperatures
in (B) for the initial ~100 s is attributed to chamber conditioning resulting from the preconditioned
ice pack.

Next, whether precooling the chamber (e.g., prior to flight and loading the sample)
with no other form of active cooling would improve the cooling performance of the system
was explored. As expected, this approach, compared to no precooling, improved the cooling
performance of the system enabling a temperature below the sample of less than 8 °C to
be sustained for nearly 1500 s (~25 min) (Figure 3A). Further, the hot and cold sides of the
Peltier recovered from their initial conditions of precooling to near-ambient conditions over
the course of the experiment. To gain further insight into the timescales of heat transfer in
the system, a lumped system analysis of the cooling unit was performed [40,41]. Specifically,
denoting the temperature and temperature difference with the ambient by T and AT, and a
characteristic heat transfer time constant by T = K~! = C/hA where C is the heat capacity,
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A is the surface area of heat transfer, and & is the heat transfer coefficient, a lumped system
model for heat transfer in the system is given by:

dAT

—— = —KT(t).
dt ®
Precooled unit (no active cooling)
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1)

Figure 3. Quantitative modeling and heat transfer characterization of the cooling system. (A) Tem-
perature measurements versus time when the chamber was precooled prior to loading the sample.
Also shown are fits based on the lumped system model. (B) Chamber temperature measurements
versus time across various passive cooling strategies, along with model fit.

This model predicts an exponential variation of temperature with time with an un-
derlying timescale determined by the parameter 7 (obtained as a fit to experimental data).
Based on this model, exponential curves were fit to the temperature measurements in
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Figure 3A and an excellent model fit to data was obtained. The model fit suggested a
characteristic time scale T of around 565 s for heat loss from the sample. Interestingly, the
temperature of the hot and cold sides of the Peltier also exhibited a similar exponential
variation with time, but with shorter time scales.

Lastly, in Figure 3B, the chamber temperature measured just above the sample versus
time across the three different conditions described in Figures 2A,B and 3A is plotted.
Consistent with the previous observations, the condition of ice pack cooling (with no
precooling) achieved the lowest and most stable chamber temperature of around 6 °C
over 2500 s, whereas the precooled chamber condition with no ice pack also sustained a
temperature of below 8 °C for over 1500 s (~25 min). In addition, in order to quantitatively
model the experimental data, lumped system model was used again to fit the chamber
temperature data during the initial “rapid” heat transfer phase (t < 800 s) wherein most of
the heat exchange occurs between the cold sample and the surrounding environment within
the chamber, followed by a linear fit for the “late” heat transfer phase (t > 800 s) which is
modeled as having a constant “leakage” heat transfer rate between the cooled chamber and
the exterior environment. This model captured the data well, and importantly, suggested
that in the absence of cooling (i.e., with no ice pack), the system has a constant heat loss
rate of around 0.0018 °C/s after the initial rapid heat transfer phase in the beginning. In the
presence of the ice pack, the rate dropped significantly to 0.0002 °C/s. Taken together, these
data enabled us to characterize the baseline cooling/temperature insulation performance
of the system and motivated the need for active cooling to achieve more robust cooling
performance.

3.2. Performance with Active Cooling

Although passive cooling strategies described above are effective in maintaining
temperatures in the 2 to 8 °C range, we hypothesized that achieving and maintaining
freezing temperatures (i.e., below 0 °C) would likely require an active cooling mechanism.
Such low-temperature requirements are frequently encountered in the context of handling
and delivery of biologicals such as vaccines, medications, and human samples [9,11,18].
With this requirement in mind, the active cooling performance of the cooling unit which
consisted of a single 12V, 6 A thermoelectric cooler powered by an external battery was
tested and evaluated. During operation, a fan mounted on the external heatsink (Figure 1D)
was used to blow ambient air over the heatsink to mimic the scenario on a drone where the
downwash of the propellers can be directed towards the on-board cooling unit to cool the
external heatsink and enhance cooling performance.

Figure 4A shows temperature versus time measured on the hot and cold side of the
Peltier, and at a location below the sample as an approximate measure of the chamber
temperature. Similar to experiments in Section 3.1, frozen ice placed in a cup was used as
the sample. Consistent with our hypothesis, sample temperatures below 0 °C (indicated
by the solid green line) were achieved with active cooling. Specifically, upon placing the
ice cup payload in the cooler, the temperature in the cooling unit dropped sharply from
near-room temperature to around —10 °C, and thereafter over the course of 6000 s, the
temperature increased and plateaued at —1 °C. To gain further quantitative insight into
the cooling performance, a lumped system model (as described in Section 3.1) was used to
fit the temperature data and found that the timescale 7 for heat transfer in the presence of
active cooling was 1136 s. Note that this value for active cooling is near twice the timescale
obtained for the condition of no active cooling (T = 565 s) that is shown in Figure 3A,
consistent with the expectation that active cooling delays heat transfer. Lastly, for these
conditions, the heatsink of the Peltier remained close to the ambient temperature at 30 °C,
while the temperature of the cold side dropped rapidly from ambient conditions upon
turning on the cooler to around 0 °C and thereafter remained stable near 0 °C.
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Figure 4. Baseline active cooling performance of the system with the thermoelectric cooler ON
during the entire duration of the experiment. Measured temperature versus time for (A) no precooled
chamber, and (B) when the chamber was precooled prior to loading sample and minimal heat was
removed from the hot side by blowing cool air using an external fan mounted on the heatsink.
Lumped system model fits are shown in dashed lines, and the maximum temperature change over
the experimental duration is indicated.

Next, the limits of active cooling performance achievable by the system were explored.
We hypothesized that both precooling the chamber and actively cooling the heatsink by
blowing cool air during operation will increase cooling performance. To test this, similar
experimental conditions as in Figure 4A were used, but in addition, the system was
precooled prior to loading the sample, and during operation, cool air was blown from the
room’s AC vent on the hot side of the Peltier that mimicked cooler ambient conditions. As
shown in Figure 4B, under these conditions, the temperature in the unit remained much
more stable than the baseline active cooling conditions in Figure 4A. In particular, the
AT rise in temperature within the unit was only around 3.5 °C in Figure 4B compared to
9 °C in Figure 4A. Further, using the lumped system model, the heat transfer timescale T
for the conditions in Figure 4B was observed to be 2345 s, which is more than twice the
corresponding value in Figure 4A. Taken together, our data suggest that for a given active
cooling system configuration, precooling the chamber and actively cooling the heatsink
achieves a lower temperature rise in the chamber and delays heat transfer, both of which in
turn, improve the cooling performance of the system. However, it is to be noted that the
absolute minimum chamber temperatures achieved in Figure 4A,B are nearly the same,
a value of around —10 °C. This value is above the freezer temperature range and below
the refrigerator temperature range, as per the ICH guidelines [34]. We hypothesize that
this lowest achievable temperature is primarily a function of the cooling capacity of the
system, which is proportional to the total cooling surface area (i.e., depends on the number
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of Peltier cooler modules used) and the total supplied electrical charge. Therefore, the
system is expected to achieve even lower temperatures upon the addition of more Peltier
cooler modules, albeit with a tradeoff involving payload and on-board power requirements
(see Section 3.4).

Lastly, passive versus active cooling operations for preserving the temperature of
a frozen sample were directly compared in Figure 5 by measuring the temperature of
frozen ice placed within the cooling unit for over 30 min under various conditions. As
expected, active cooling with a precooled chamber resulted in the best performance with
less than a 6 °C increase in sample temperature from its initial value, whereas simple
active cooling without any precooling resulted in around 11 °C rise in sample temperature.
Importantly, both these active cooling conditions preserved the sample at below-freezing
temperatures throughout the experiment. However, in the absence of any active cooling, the
temperature of the sample increased by 17 °C to a final value of 0 °C in 30 min. Therefore,
consistent with our prior observations, our data suggest that in order to maintain the
sample at freezing temperatures, active cooling mechanisms are necessary. On the contrary,
if only temperatures that are typically used for refrigeration (i.e., between 0 to 8 °C) are
desired for sample preservation starting from an initially frozen sample, then passive
cooling/insulation methods will suffice.

-20 [ Initial E3 Final
‘2-1 -154
£
o —_ —
© 10
[
£
_5—
- |-|
] | T T
é\oQ é\(&» o°°
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Figure 5. Direct comparison of active and passive cooling strategies using the cooling unit. Shown
here are the initial (f = 0 min) and final (t+ = 30 min) temperature measurements of a frozen ice
sample placed within the cooling unit.

3.3. Feedback Control Operation for Precise Temperature Control and Reducing Power
Consumption

So far, in this study, the baseline cooling performance of passive and active cooling
mechanisms in the system has been studied and quantified. However, the operation
methods described so far cannot precisely control and maintain the temperature within
a preset target range, as would be typically required by most applications. Therefore,
next, our attention was focused on developing and testing an operation method by which
a target temperature range within the cooling unit can be precisely maintained, while
also simultaneously reducing on-board power requirements for achieving target cooling
performance. Specifically, the use of feedback-control operation was explored wherein
the Peltier cooler was turned on when the temperature exceeded the target range, and the
Peltier was turned off when the temperature dropped below the set range.

Here, this feedback-controlled active cooling scheme was tested for a desired target
temperature range of 4 °C to 6 °C, which is the typical handling temperature range of many
biological samples and falls within the refrigeration category as per the ICH guidelines [34].
Moreover, we hypothesized that the power requirements of the Peltier will depend on
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Temperature (°C)

Temperature (°C)

the ambient conditions. Therefore, the system was tested under three different simu-
lated external environmental conditions varying between 23 °C and 45 °C (Figure 6A-C).
Figure 6A—C show the temperature measured below the sample and at the hot and cold
sides of the Peltier versus time, for average heatsink temperatures of 23 °C, 38 °C, and
45 °C. Also shown in the figure are the corresponding ON/OFF states of the Peltier. Here,
the average heatsink temperatures were used as a measure of ambient conditions. These
different ambient conditions were achieved by externally cooling the hot side of the Peltier
to varying degrees as would typically occur in practice. Further, for these experiments, the
chamber was precooled prior to testing. When the Peltier was ON, the power consumption
was nearly constant at a value of around ~10 W.
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Figure 6. Demonstration and characterization of feedback-controlled active cooling performance of
the system. Measured temperature and Peltier ON/OFF status versus time are shown for feedback-
controlled operation at simulated ambient temperatures of (A) 23 °C, (B) 38 °C, and (C) 45 °C. For
these experiments, the chamber was precooled prior to sample placement, and a target temperature
range of 4 °C to 6 °C was demonstrated. The thermoelectric cooler was toggled between ON/OFF
states during operations. The corresponding Peltier ON time for a 30 min total operation to achieve the
target temperature range versus varying ambient conditions is plotted in (D). Also shown in (D) are
data when the chamber was not precooled prior to sample loading. A linear regression, indicated by
solid lines in (D), captures the relation between Peltier ON time versus ambient temperature.

As demonstrated in Figure 6A-C, the feedback-controlled operation scheme was
successfully implemented to achieve the desired target temperature range of 4 °C to 6 °C
in the unit across the different ambient conditions. Importantly, our experiments showed
that the Peltier needed to be turned ON for longer durations when the ambient conditions
were warmer (increasing ON duration going from Figure 6A to Figure 6C). This effect was
quantified further by plotting the Peltier ON time versus the ambient conditions over the
course of an 1800 s experiment in Figure 6D. A nearly linear trend was observed between
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the ambient temperature and the ON duration required for cooling within the range of
conditions tested. Given the nearly constant power consumption of the Peltier when
ON, data from Figure 6D therefore suggest that the total energy and charge consumption
is directly proportional to the ambient temperature, within the range tested. Moreover,
a longer operational/flight time would also imply a proportionally larger amount of
energy and charge consumed to achieve target cooling performance (further explored in
Section 3.4).

Taken together, the data in Figure 6 suggest that to maintain a desired sample tem-
perature range within the cooler at warmer ambient conditions, the Peltier cooler would
need to be turned on for a longer duration (i.e., longer duty cycles) thereby requiring
more charge consumption/on-board power. Interestingly, this linear relationship was also
observed when similar experiments were performed under conditions where the chamber
was not precooled. In the latter case of no precooling, as expected, the Peltier needed to
be turned ON for a longer duration to achieve the target temperature range for similar
ambient conditions compared to when the chamber was precooled.

3.4. Battery Capacity and Battery Weight Requirements for Drone Applications

Here, our analysis is expanded further to quantify the battery weight (additional
payload) and battery charge capacity required for drone-based delivery applications. As
was previously noted in Section 3.3, warmer ambient conditions necessitate a longer ON
time to achieve the desired cooling performance. How exactly does this translate to the
required battery weight and charge capacity as a function of the ambient conditions? To
answer this, the same target temperature range of 4 °C to 6 °C for a 30 min flight duration
is considered, similar to that in Section 3.3.

First, it is to be noted that battery weight varies nearly linearly with the charge capacity
of a battery. Shown in Figure 7A are values of battery weight (in grams) versus the charge
capacity (in mAh) obtained from the manufacturer for a 3S LiPo battery, which is commonly
used for drone applications. In our analysis below, the linear fit obtained in Figure 7A is
used to relate the required battery weight and charge capacity for achieving the desired
cooling performance. Shown in Figure 7B on the left axis is the required battery charge
capacity versus ambient temperature, calculated based on the current drawn by the Peltier
and the ON time data in Figure 6D. Similar to Figure 6D, Figure 7B shows that the required
battery charge capacity increases linearly with the ambient temperature for both precooled
and non-precooled initial chamber conditions. As expected, Figure 7B also shows that a
higher charge capacity is required in the absence of precooling to achieve the same cooling
performance under similar ambient conditions. Next, the required battery charge capacity
data in Figure 7B and the relation between the battery charge capacity and battery weight
in Figure 7A are used to relate the battery weight required versus ambient conditions
(shown in the right axis of Figure 7B). Similar to the required charge capacity, the required
battery weight increases linearly with the ambient temperature, and the required battery
weight is higher for conditions where there is no precooling. Interestingly, Figure 7B also
shows that both the battery weight and charge capacity required vary strongly with the
ambient temperature conditions. For example, the required battery weight and battery
charge capacity nearly double when the ambient temperature increases from around 25 °C
to 50 °C. Our data therefore suggest that the on-board power requirements and payload
can thus be strongly influenced by the ambient operating conditions for drone-based cold
temperature delivery applications and that such considerations must be taken into account
when planning drone missions.
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Figure 7. Battery requirements to achieve target cooling performance. (A) Battery weight versus
the charge capacity of a 35S LiPo battery using data obtained from the manufacturer. (B) Calculated
battery capacity and estimated battery weight (in the form of additional payload) required to achieve
target cooling performance of 4 °C to 6 °C for a 30 min as a function of ambient temperature, for both
initially precooled and no precooled chamber conditions. A linear regression represents the trends in
(B) well.

4. Conclusions

In this study, a comprehensive experimental study aimed at the design, development,
and characterization of a cooling unit for drone-based delivery of temperature-sensitive
samples is presented. The cooling unit was custom-built using an expanded polystyrene
box coupled with a thermoelectric Peltier cooler. Our main conclusions are as follows:

1.  In the absence of active cooling, simple thermal insulation from the cooling unit
was not sufficient to maintain cold temperatures below 8 °C for more than 10 min.
Precooling the chamber prior to operation or inclusion of an ice pack improved
performance. However, neither of these passive cooling approaches enabled achieving
temperatures below freezing and precise temperature control, thereby motivating the
need for active cooling.

2. Using the thermoelectric cooler, temperatures as low as —10 °C were achieved and
below-freezing temperatures were sustained. As with passive cooling, precooling the
chamber prior to operation improved the performance of the active cooling method.

3.  Using a lumped system model, the timescale of heat transfer in the system under
different operating modes was characterized. Our data suggested that the timescale
over which heat dissipation occurred nearly doubled when active cooling was used
compared to passive cooling. The timescale increased further when the chamber was
precooled and a cooler external ambient condition was presented.

4. Upon characterization of the baseline active cooling performance of the system, our
work focused on the demonstration of a practical operation scenario of the cooling
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system to maintain a cooling temperature within the range of 4 °C to 6 °C. To achieve
this, a feedback control operation of the cooling unit was used and demonstrated, and
the performance at different ambient conditions was characterized. Our observations
suggested that the thermoelectric cooler needed to be turned ON for longer durations
(and therefore, required higher charge capacity) to meet performance goals when the
ambient conditions were warmer.

5. To translate performance into system requirements, the required battery weight was
related to the battery charging capacity using a linear relation based on manufacturer
specifications. Our data suggested that the operation of the system at warmer ambient
temperatures would also likely require higher battery weight as an additional pay-
load, resulting from the need for additional charge capacity to achieve target cooling
performance.

Overall, this study presents a systematic analysis of the design, features, and charac-
terization of onboard cooling systems tailored for temperature-sensitive sample delivery
using UAVs and highlights several important design considerations that need to be taken
into account for such systems. Further research is needed to expand the design parame-
ters of the cooling unit presented in this study for operation under diverse and dynamic
conditions of drone flight such as varying altitudes and structural vibration, and for much
longer flight durations (beyond ~30-50 min) and varying drone weights.
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Appendix A

Presented here is a table that summarizes the advantages and disadvantages of var-
ious cooling strategies applicable for UAV-based applications in comparison with the
thermoelectric-based cooling system developed in this study.

Table Al. Comparison of the thermoelectric cooling unit developed in this study with various on-
board cooling strategies for temperature-sensitive sample delivery and transportation using UAVs.

Method Advantages Disadvantages Benefit of Our Method Refs.
. - Requires frequent replenishment
B Eff?dt“fe at ) - Safety concerns (CO, gas buildup) - Notused due to
Drv ?;ﬁ;;?ﬁ%sow - Regulatory challenges (hazardous impracticality in [1625,26]
ry lce o material) off-grid locations £y
_ g;es)? e(rjléive - Limited to short-duration flights (2-3 h) - Safety and regulatory
(<$2I1)3er Ib.) - Significant weight limits payload concerns avoided
’ capacity (500 g~ kg)
- Lightweight design
(<300 g)
- Heavy (500 g~! kg per pack), occupies - Precise temperature
Conditioned Ice - i i >1/3 of payload capacity control with active
Packs Wlddy available - Reduces UAV range by up to 30% feedback (£2 °C) [17,18,22]
- Simple to use
- No precise temperature control - Reduced payload

(fluctuations between 0 °C and 15 °C)

impact, ability to
enhance range by
20-30%
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Table Al. Cont.

Method Advantages Disadvantages Benefit of Our Method Refs.
- Provides active . .
) cooling - Heavy and bulky (3-5 kg) B Eghtweightt. li
Refrigerated - Canmaintain a - High power consumption (50-100 W) (<§61810§ ectric cooling [10,11,16]
containers wide range of - Reduces UAV range significantly (up to E & fficient
temperatures 50%) - nergy-efficien
(—20 °C to +4 °C) operation (10-15 W)
- Advanced
thermoelectric cooling
to achieve —10 °C
- Dynamic feedback
_ Solid-state, control optimizes
. lightweight (<200 g) - Power consumption can be high for long power use 2931 33
Thermoelectric - Effective for durations (20-30 W) - Precise temperature E[mé this ]
coolers moderate cooling - Typically limiteod to moderate cooling Egg‘é{;ﬁ;{:tﬁ;gg‘)’e study.
neeods (down to ranges (e.g., 12 °C) - Maintains precise
12°0) temperature range
(2°C to 8 °C) with
lower power
consumption
(10-15 W)
Appendix B
Listed below are the specifications of the thermoelectric cooler module used in this
work. The specifications are collated from the data sheet of the manufacturer and other
published studies [42-46].
Table A2. Specifications of the thermoelectric cooler TEC1-12706 used in this study.
Specification Value
Hot side temperature 30°C
ATmax 65 °C
Maximum heat transfer Qyqx 51 W
Current Iy 6 A
Voltage Viuax 154V
Resistance 2.07 Q)
Thermal conductivity 1.5 Wm~IK!
Efficiency rating 13-77%
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