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    Abstract
The internal temperature of a passive thermal shipper employing dry ice as the coolant often decreases to less than the equilibrium sublimation point (−78.5°C) during shipment. In this paper, we demonstrate that in many cases, this unexpected phenomenon is due to excessive sublimation cooling by the dry ice. We performed a series of experiments and determined the dry ice temperature with the change in dry ice sublimation rates under various external conditions. The results show that the sublimation temperature decreases to less than −80°C and decreases further when the dry ice sublimation rate is artificially increased. The lowest temperature observed in the experiments was −100.6°C, which occurred when the dry ice nuggets were subjected to a forced-air cooling condition, which is an extreme situation that is not expected to happen in actual shipping environments. Several types of shippers were also tested to investigate the impact of shipper material and shipper design. The lowest temperature observed in these shippers was −93.2°C when the shipper was placed on its side instead of upright. Based on the results from these controlled experiments, we conclude that the temperature inside a shipper cooled by dry ice will decrease because of excessive sublimation cooling effect but will not reach less than −100°C in normal shipping environments.

	Sublimation cooling
	Dry ice
	Shipper
	Cold chain
	Transportation

1. Introduction
Temperature-controlled transportation, also referred to as cold chain management, has been playing an increasingly important role in the biopharmaceutical industry because most biopharmaceutical products are temperature-sensitive (1⇓⇓–4). The market for pharmaceutical cold chain solutions and logistics has been growing fast in the past a few years and is expected to be worth $16.6 billion by 2021 (5, 6).
The requirements for maintaining the product's temperature are different and highly dependent on the product's temperature sensitivity. Most biological products require a transportation temperature of 2°C–8°C. However, there has been an increasing interest in shipping products at different temperature ranges, including controlled room temperature (generally in the range of 15°C–25°C) (7), frozen temperature (typically −90°C to −20°C) (7), and cryogenic temperature (below −130°C to −150°C) (8). Different cooling refrigerants have been developed for passive shippers to provide a temperature-controlled environment during transportation, including water-based gel packs, phase change material (PCM), dry ice, and liquid nitrogen (5). Among these refrigerants, water-based gel packs, with a melting temperature around 0°C, are relatively inexpensive and widely used for maintaining the temperature between 2°C and 8°C. Liquid nitrogen, with a boiling temperature of −196°C, is used for maintaining products at cryogenic temperatures. PCM panels, normally filled with some eutectic mixtures or organic materials, can provide a wide range of melting/freezing temperatures (from roughly −50°C to 25°C) and play an increasingly important role in the cold chain, but their cost is relatively high. Dry ice, also called solid carbon dioxide, is widely used as a refrigerant to maintain frozen foods or drug products at subzero temperatures. When the product needs to be maintained at a temperature below −65°C, dry ice is the only practical option as the cooling agent and is an inexpensive choice.
At atmospheric pressure (1 atm), dry ice changes directly from solid to carbon dioxide gas and it absorbs a fairly significant amount of heat during this sublimation process. Figure 1 shows the pressure–temperature phase diagram for CO2. As shown in the figure, the CO2 equilibrium sublimation point is −78.5°C at 1 atm (9). The enthalpy of sublimation for dry ice is 571 kJ/kg, which is significantly greater than the latent heat offered by most of the available PCM materials that rely on solid–liquid phase transition.
[image: Figure 1]
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Figure 1 Pressure–temperature phase diagram for CO2.



The phase diagram of carbon dioxide represents the physical states of CO2 associated with temperature and pressure under thermodynamic equilibrium conditions. When dry ice is placed in a perfect insulator, the number of molecules escaping from the solid equals the number of molecules returning to the solid, and the temperature at this thermodynamic equilibrium is −78.5°C when the partial pressure of carbon dioxide is 1 atm. When the partial pressure of carbon dioxide decreases, the dry ice sublimation temperature decreases gradually, as shown in the phase diagram.
In the real world, the environmental conditions of dry ice are not at thermodynamic equilibrium. The rate of sublimation will vary with the combined heat and mass transfer between the dry ice and the environment. This sublimation rate change will in turn affect the environmental temperature as heat is absorbed from the environment when sublimation occurs. When the sublimation rate of dry ice increases, the heat removed by sublimation leads to a temperature decrease of both the dry ice and the environment until a steady-state is reached. This sublimation cooling phenomenon is similar to the evaporative cooling in water cooling towers, in which the water temperature decreases because of the evaporation of liquid water into the countercurrent air flow (10).
In a typical insulated shipper, the sublimation rate will be greater than the rate at thermodynamic equilibrium, and sublimation cooling will occur to different extents depending on the level of insulation and leakage of the heavier-than-air carbon dioxide from the shipper box. Excessive sublimation cooling is expected to result in a lower temperature than the dry ice equilibrium sublimation point. In fact, incidents of below −85°C are often observed during shipment regardless of the mode of transportation, be it ground or air. To investigate the impact of sublimation cooling in shippers of different materials and designs, we performed a series of experiments in which environmental conditions, such as vibration, pressure/vacuum, natural convection cooling, and forced-air cooling, were varied. The shipper internal temperature in each experiment was recorded under each external condition. In addition, the impact of the shipper orientation was investigated in detail; several different types of shippers were used. The results from these experiments are presented and the impact of sublimation cooling in actual shipping environments is also discussed.

2. Materials and Methods
All experiments were conducted in the Transportation Simulation Test System Lab at Amgen Thousand Oaks, CA. The temperature was recorded by SensiTech dry ice probe-less temperature-recording device (TRD): TempTale 4 (measurement range −90°C to 30°C) and Elpro probe TRD: Libero Te1-PY (measurement range −200°C to 200°C). Detailed procedures for each experimental condition are described as follows.
2.1. Impact of Vibration on Dry Ice Temperature
Because most passive shipper qualification studies were performed under static conditions, we wondered whether the below−90°C observation in actual shipment has anything to do with vibration alone. To explore the impact of vibration, we leveraged the vibration table in Amgen laboratory. Two shippers were packed out with dry ice pellets 12 mm in diameter × 25–35 mm in length according to the pack-out standard operating procedure (SOP). Two TempTale TRDs were placed inside of each shipper (top and bottom) and activated at the time of pack-out. Both shippers were placed on a vibration table (Lansmont 6200 Vibration System) under a truck vibration profile (Grms level of 0.252) for 106 h in a controlled environmental chamber with an average temperature of 27°C. After the 106 h vibration test, the shipper remained unopened for another 1.5 days before the experiment was stopped. The shipper was maintained in its upright orientation during these studies, as intended during normal transportation.

2.2. Impact of Pressure/Vacuum on Dry Ice Temperature
When a shipper is transported by air or over a high-altitude pass on the ground, the environmental pressure can drop to <1 atm, which will change the thermodynamic equilibrium temperature of dry ice. A low environmental pressure was simulated in the lab by using vacuum pumps. Two shippers as used in the vibration study were packed out according to the pack-out SOP, in which two TempTale TRDs were placed inside of each shipper (top and bottom) and activated at the time of pack-out. Both shippers were wrapped in a Mylar bag and connected to a vacuum pump. Different pressure levels, 1 atm, 0.8 atm, 0.6 atm, and 0.4 atm, were set to pull vacuum inside of the shipper. Each pressure level was held for 6 h to allow the temperature/pressure to be confirmed at steady-state before being changed to the next level. The lowest pressure level was set at 0.4 atm, equivalent to an environmental pressure at an altitude of ∼20,000 ft (6000 m), which is an extreme case in an actual shipping scenario.

2.3. Impact of Natural Convection Cooling on Dry Ice Temperature
As previously described, the shipper design provides insulation for dry ice pellets and slows their sublimation. In this experiment, we explored the temperature of the dry ice itself under extreme sublimation conditions. This should establish the theoretical minimum payload-space temperature any dry ice shipper could reach because the payload temperature cannot possibly be lower than the temperature of the dry ice itself. An extreme scenario for dry ice sublimation cooling behavior is to expose the dry ice, without any thermal insulation, to an open environment in which the dry ice sublimation will be accelerated by natural convection. The sublimation rate is also related to the surface area of the substance: the larger the surface area, the higher the sublimation rate. In this experiment, both dry ice blocks and pellets were exposed to the room environment directly (ambient temperature ∼22°C) without any added insulation. Three different sizes of dry ice blocks/pellets were used. Two dry ice blocks, ∼250 mm × 250 mm × 50 mm, were placed on the bench and an Elpro probe TRD was placed in the center between the two blocks to measure the dry ice temperature. Two additional piles of dry ice with different pellet sizes, 12 mm in diameter × 25–35 mm in length and 12 mm in diameter × 6–12 mm in length, were placed on the bench and exposed to the room environment. An Elpro probe TRD was embedded into the center of each pile of dry ice pellets to measure the dry ice temperature.

2.4. Impact of Forced-Air Cooling on Dry Ice Temperature
The air flow generated by natural convection is relatively small, which limits the sublimation of dry ice. To accelerate the sublimation of dry ice even further, a forced-air cooling experiment was designed and executed with a special air duct setup apparatus, as shown in Figure 2. One end of the air duct was connected to a compressed air source and the air flow was controlled by a valve. An inline pressure gauge was also connected to measure the pressure drop across the valve. The air flow increases with increasing pressure drop. The other end of the air duct was aligned with a mesh bin that was filled with dry ice pellets with size of 12 mm in diameter × 25–35 mm in length. The bottom of the mesh bin was exposed to the open environment (ambient temperature ∼22°C). An Elpro probe TRD was embedded in the bottom center of the dry ice pellets to record the temperature. During the experiment, air was blown through the column of dry ice pellets to enhance their sublimation. The air flow rate was altered by adjusting the inlet pressure. Different pressure drops across the valve, 0, 10, 20, 30, and 40 psi, were created in the experiment. Each pressure drop was held for ∼20 min to allow the sublimation to reach steady-state and the lowest temperature at each pressure drop was recorded for data analysis.
[image: Figure 2]
[image: Figure 2]


	Download figure
	Open in new tab
	Download powerpoint


Figure 2 Apparatus of air duct for forced air cooling experiment.




2.5. Impact of Shipper Orientation on Dry Ice Temperature
Most passive shippers have graphics and labels on the outer box warning about keeping the box in the upright position during transportation. In reality, the shipper is often placed on its side by the transporter during the shipment. In this experiment, the impact of shipper orientation on the internal temperature of dry ice shippers was investigated. Four shippers were packed out according to the SOP, in which two TempTale TRDs were placed inside of each shipper (top and bottom) and activated at the time of pack-out. Two shippers were maintained upright and two were “flipped” on the long side for 50 h before being placed upright again in the lab environment (∼22°C). All shippers were weighed at the beginning and the end of the experiment and the average dry ice sublimation rate was calculated.
Additional experiments were conducted using shippers of different designs or different insulation materials. All of the shippers were packed out according to the SOPs and Elpro probe TRDs were placed inside of each shipper to record the temperature.


3. Results and Discussion
3.1. Vibration
Figure 3 shows the recorded temperature at the top and the bottom of one of the shippers in the vibration experiment. The temperatures from both TempTale TRDs under the vibration condition were almost constant at ∼80°C, which is very close to the equilibrium sublimation temperature of dry ice. Vibration during transportation apparently has little impact on the temperature of dry ice and the functionality of the TRDs as long as the shipper remains in its upright orientation.
[image: Figure 3]
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Figure 3 Recorded temperature profiles under vibration condition.




3.2. Pressure/Vacuum
The recorded temperatures under different pressure levels are shown in Figure 4. The temperature decreases with a decrease in pressure levels as illustrated earlier in the pressure–temperature phase diagram of CO2 shown in Figure 1.
[image: Figure 4]
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Figure 4 Recorded temperature profiles under different pressure levels.



The lowest temperature reached at each controlled pressure level is summarized in Table I. The lowest temperature reached −88.9°C when the environmental pressure was decreased to 0.4 atm or equivalent to ∼20,000 ft (6000 m) in altitude, which is an extreme altitude for transportation. According to AS standard testing method D6653, an altitude of 14,000 ft (4267 m), equivalent to a pressure level of ∼0.59 atm, is recommended to simulate the lowest pressure for unpressurized aircraft transport (11). Even under this low pressure level of 0.4 atm, the temperature does not drop below −90°C. Thus, pressure drop alone cannot account for the below −90 C observations reported in shipment by flight or by truck.
View this table:	View inline
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TABLE I Dry Ice Temperature at Different Pressure Levels




3.3. Natural Convection Cooling
Figure 5 shows the lowest dry ice temperatures from the natural-convection cooling experiment with three different sizes of dry ice blocks and pellets exposed to an open environment. The results show that all three temperatures were much lower than the CO2 equilibrium sublimation temperature (−78.5°C), because the dry ice sublimation rate increased significantly under the noninsulation condition and removed more heat from the dry ice than under the thermodynamic equilibrium condition. The lowest temperature obtained from dry ice blocks (largest size) was −93.6°C, whereas the lowest temperature from the smallest pellet size in this experiment was −97.9°C. With a larger surface area per mass, the smaller pallets were cooled more by the enhanced sublimation rate. This low temperature, −97.9°C, represents an extreme condition in which dry ice pellets are exposed to an open environment without any insulation and is unlikely to occur in actual transportation.
[image: Figure 5]
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Figure 5 Lowest temperatures with different sizes of dry ice block/pellet.




3.4. Forced-Air Cooling
Figure 6 shows the recorded temperatures of dry ice pellets with increased air flow from the duct. The dry ice temperature decreased gradually with increasing air flow rate, and then increased when the air flow rate was further increased, passing a point at which the dry ice sublimation rate was not sufficient to continue to overcome the heat transfer from the warm environmental air. The dry ice temperature decreased to −97°C when the pressure drop was set at 0 psi, which involved only natural convection cooling similar to what was reported in Figure 5.
[image: Figure 6]
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Figure 6 Dry ice temperature change with pressure drop across the valve of the air duct apparatus.



Figure 7 summarizes the lowest temperatures with pressure drops across the valve of the air duct. The dry ice temperature reached the lowest point of −100.6°C when the pressure drop was set at 20 psi. When the magnitude of the pressure drop was increased further, the temperature went up and became unstable because the sublimation cooling simply could not keep up with the increased amount of air that needed to be cooled. However, such high air-flow cooling will never happen in an actual transport scenario.
[image: Figure 7]
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Figure 7 Lowest temperatures with pressure drops across the valve of the air duct apparatus.




3.5. Shipper Orientation
The internal temperatures for shippers placed in different orientations are shown in Figure 8 (upright) and Figure 9 (on its side). The temperature remained around −80°C when the shippers were kept in the upright orientation, but it decreased to −90°C or below (limited by TempTale TRD measurement range) after the shipper was “flipped” on the long side, and returned to −80°C after the shipper was turned upright again. We repeated this test several times using both the same shippers and shippers of other designs/materials. Interestingly, the general features of the preceding observation were completely reproducible, although the extent of the temperature decrease varied with the shipper design. Our interpretation of the observation is as follows.
[image: Figure 8]
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Figure 8 Recorded dry ice temperature profiles in one of the upright shippers.



[image: Figure 9]
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Figure 9 Recorded dry ice temperature profiles in one of the “flipped” shippers.



Because the CO2 molecule (molecular weight 44) is heavier than air (average molecular weight 29), the CO2 gas is trapped inside the shipper and escapes from the shipper by gravitational overflow when the shipper is in the upright orientation. When the shipper is placed on its side, a small gap is formed between the lid and the body of the shipper; the extent of the gap is highly dependent on the material and the design of the shipper. The CO2 gas escapes from the bottom of this gap via convectional flow and the surrounding warm air is drawn into the shipper from the top of the gap, generating an air convection to accelerate the sublimation rate of the dry ice inside. When there is still plenty of dry ice in the shipper, this increased sublimation rate results in a notable decrease in temperature below the thermodynamic equilibrium value of about −80°C.
By checking the weight of the shipper at the beginning and the end of the experiment for all four shippers, the loss rates of dry ice from the shippers were also determined. As shown in Table II, the dry ice loss rate for the “flipped” shipper (0.200 kg/h was about 40% higher than that of the upright shipper (0.142 kg/h). The accelerated sublimation absorbed more heat from the content of the shipper container and caused the lower temperature.
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TABLE II Weights of Dry Ice in the Shippers for the Orientation Experiment



The convective leakage is because of combined poor material selection and geometrical design when the shipper is placed on its side or when the shipper is physically damaged. Similar low temperatures were also observed for different types of shippers, such as EPS shipper, PU shipper, and Vacuum Insulated Panel shipper, when they were placed on the side. The lowest temperature we observed in this study was −93.2°C, which was higher than the lowest temperature (−100.6°C) obtained from the natural-convection cooling and forced-air cooling experiments previously reported. The latter represents an extreme situation unlikely to be encountered in actual transportation.


4. Conclusions
In this paper, we demonstrate that the occasional deviation of temperature to below −80°C and even down to −93°C in shippers using dry ice as the coolant is because of excessive sublimation cooling. We had examined the impact of (1)mechanical vibration alone, (2) external pressure alone, (3) natural or forced convection alone, and (4) shipper orientation alone. Mechanical vibration was found to be irrelevant in this context as long as the shipper remained upright as intended. The external pressure (or vacuum) was found to decrease the shipper-internal temperature by about 5°C at a height equivalent to 14,000 feet, consistent with equilibrium thermodynamics (i.e., the phase diagram). The natural and forced convection studies were conducted to frame the boundary of the largest temperature decrease possible (from the equilibrium temperature of around −80°C), which was found to be around −100°C. The combined impact of shipper misorientation and vibration, as in real-world shipment, although not explored in this study, is expected to further exacerbate the overcooling demonstrated in this study. Multiple incidents of below −90°C temperature excursion were observed in our own cold chain network, not only for air freight shipment but also for ground transportation on fairly level ground. Moreover, it was sometimes observed that the below −90°C excursion lasted for only a few hours during shipment, and the normal −80°C temperature resumed after the brief excursion. We thus conclude that most of the reported below −90°C incidents, episodically reported in the pharmaceutical industry, are likely because of mishandling of the shipper, that is the shipper was not upright and was placed on its side during at least a portion of the transportation duration.
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