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ABSTRACT 
 
Thermal manikins are valuable tools for quantitatively evaluating the performance of protective 
clothing ensembles and microclimate cooling systems. The goal of this investigation was to 
examine the performance of Coretech personal cooling systems, designed to reduce the effects of 
physiological and environmental heat stress, using a sweating thermal manikin. A sweating 
manikin takes into account the effective physiological evaporative heat transfer. Three tubesuits 
containing different densities of tubing were evaluated on the thermal manikin in conjunction 
with body armor and two Chemical-Biological suits (SPM and JSLIST). The experiments were 
carried out in an environmental chamber set at a temperature of 35°C with a relative humidity of 
30%. For the tubesuits, two flow rates were tested and the heat removal rates were obtained by 
measuring the amount of power required to maintain the manikin’s surface at a constant 
temperature of 35°C. The sweating rates were adjusted to maintain a fully wetted manikin 
surface at the above environmental conditions. For fluid flow rates ranging from approximately 
250 to 750 ml/min, and inlet temperatures to the tubesuit ranging from 7 to 10°C, heat removal 
rates between 220 W to 284 W were measured, indicating the effectiveness of tubesuits at 
removing excessive body heat. This research was performed at the U.S. Army Soldier and 
Biological Chemical Command (SBCCOM) in Natick, Massachusetts. 
 
Disclaimer: The findings contained in this report are not to be construed as an official Department of the Army 
position unless so designated by other authorized documents. Citation of trade names in this report does not 
constitute an official endorsement or approval of the use of such items by the U.S. Government. 
 
INTRODUCTION 
 
Individuals involved in hazardous materials clean up are often exposed to harsh environmental 
conditions. Compounding this are the effects of protective clothing ensembles, which are often 
impermeable, thus creating an encapsulating microclimate, and reducing the body’s evaporative 
mechanisms to transfer heat to the surrounding environment. Thus, individuals risk an increase 
in internal, or core, temperature and the development of heat-induced disorders (1). The resultant 
accumulation of sweat within the garment also leads to discomfort, dependent on the wetted area 
of the skin (2). This can eventually lead to significant productivity deficit of personnel. 
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Personal Cooling Systems (PCS) are designed to counteract the effects of heat stress experienced 
by these workers, by permitting the body core temperature to remain within safe limits for an 
extended period of time, which is estimated as 38°C by the World Health Organization (3). This 
results not only in safer work conditions, but also in increased work productivity. In particular, 
liquid circulating cooling garments have already been introduced in DOE nuclear facilities for 
better protection of the workers, and to accelerate the cleanup process (4). It was determined that 
the tubesuits improved the average stay time, the average rest time due to heat stress 
management, cost per productive crew-hour, protective clothing usage, and overall worker 
comfort. Frim (5) compared the efficiency of the various cooling systems in relieving thermal 
strain in a Hazmat suit. Work was performed using human subjects in an environmental chamber 
set at 45°C and 40% relative humidity. The use of personal cooling systems was clearly found to 
extend work tolerance time in the heat when wearing a Hazmat suit. 
 
The purpose of the current investigation was to quantitatively examine the performance, in the 
context of Hazardous Waste Management, of Coretech (Med-Eng Systems, Ottawa, Canada) 
personal cooling systems, which circulate cold water adjacent to the body in an array of small 
tubes using a pump and ice-based heat exchanger system. Another objective of the current study 
was to investigate the effect of tubesuit design parameters, such as the flow rate and tubing 
densities, on maximum heat removal rates. Tubesuits have been shown to reduce internal body 
temperature rise by removing internally generated physiological heat and decreasing the effects 
of external heat. A sweating thermal manikin was used to assess the heat removal rate of the 
tubesuits worn underneath protective clothing ensembles. Thermal manikins are already 
extensively used for evaluating the insulation properties of garment ensembles at various 
environmental conditions (6). They offer a repeatable and quantitative means of evaluating the 
performance of cooling systems, without the high variability associated with human subjects 
testing. 
 
EXPERIMENTAL METHODS 
 
The thermal manikin (chest girth 96cm, torso length 72cm) mimics the shape and size of an 
average human male with a surface temperature maintained at a level similar to the typical 
human skin temperature in a heat stress scenario. In the current experiments, the manikin “skin” 
temperature was set and maintained at 35°C. A sweating manikin was necessary for the effective 
physiological simulation of evaporative heat transfer, which is known to play a major role under 
high temperature conditions (2,7). The sweating rates were adjusted to maintain a fully wetted 
manikin surface at the required environmental conditions. The testing methods used were similar 
to those of Teal (8) and Pimental et al. (9). The experiments were carried out in an environmental 
chamber set at a temperature of 35°C with a relative humidity of 30%.  
 
Three Coretech PCS, Low Density (2 circuits), Medium Density (4 circuits) and High Density (6 
circuits), containing 14.3, 24.1, and 31.4 m of tubing, respectively, were evaluated. In 
conjunction to the cooling garments, two Chemical-Biological suits, a selectively permeable 
membrane garment (SPM) and a JSLIST (Joint Service Lightweight Integrated Suit 
Technology), and body armor (bulletproof vest) were worn to evaluate the effects of PCS on heat 
removal rates from the tubesuits. 
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Baseline tests, with the protective ensemble but without an activated PCS, were first carried out. 
In that case, power input ranging from approximately 80 to 120 W was necessary to maintain the 
manikin at steady-state with its skin temperature at 35°C. This amount of power was used to 
measure the evaporative heat transfer (manikin skin and test chamber were at the same 
temperature) of the ensemble. Once the baseline tests were completed, the cooling vests were 
connected to an external laboratory refrigeration unit, pumping constant temperature water 
(approximately 7°C) at flow rates ranging from 250 ml/min to 760 ml/min through the array of 
tubes. The heat input to the manikin was adjusted until a steady-state temperature of 35°C for the 
skin was reached. The effective heat removal rates were obtained by subtracting the 
corresponding baseline value from the measured power input to the manikin. The total heat 
removal rate by the PCS was obtained by measuring the inlet and outlet temperatures, as well as 
the flow rate of the cooling fluid. This was then compared with the power input to the manikin, 
to assess the amount of heat transfer taking place between the tubesuit and the environment. 
 
The effect of tubing density was investigated by testing the three cooling vest configurations in 
conjunction with the SPM suit and body armor under the same experimental conditions. The 
effect of protective equipment was then considered, using the highest density tubesuit under the 
same experimental conditions with both the SPM and JSLIST suits. This research was performed 
at the U.S. Army Soldier and Biological Chemical Command (SBCCOM) in Natick, 
Massachusetts. 
 
RESULTS 
 
The detailed results from this testing are shown on Table I. Listed are the flow rate of the water 
delivered to the tubesuits, the temperature of the water entering and leaving the tubesuits, the 
heat removal rate as measured by the power required by the manikin, and the efficiency, defined 
as the percentage of the cooling power from the tubesuit that actually goes to the manikin (a 
small fraction, 7 to 14%, of the cooling is lost to the environment). 
 
 

Table I. Detailed results from Thermal Manikin testing 
 

Tube density Outergarment* Flow rate Temp. in Temp. out Cooling rate Efficiency 
  [ml/min] [°C] [°C] [W] [%] 

High SPM 254 7.8 23.3 251 91 
High SPM 635 10.3 17.5 284 89 
Medium SPM 249 7.3 22.5 246 93 
Medium SPM 679 10.1 16.6 272 89 
Low SPM 762 7.1 12.2 231 86 
High JSLIST (Chem-Bio) 247 7.1 20.8 220 93 
High JSLIST (Chem-Bio) 640 10.2 16.5 245 88 

* All outergarment configurations included body armor. 
 
 
In tests involving the three Coretech tubesuits with various tubing densities, it was found that 
tubing density has an influence on the steady-state heat removal rates, as illustrated in Fig. 1. The 
Low Density vest provided 231 W of cooling for these test conditions, as compared to 284W, for 
the High Density vest. The Medium Density vest supplied 272 W of cooling. 
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Fig. 1. Heat removal rates for the three Coretech cool vests worn in conjunction with 
the SPM suit and body armor, for the high flow rate (ranging from 635 to 
762 ml/min) 

 
 
Smaller differences were observed when comparing the effectiveness of tubesuits when wearing 
the SPM and JSLIST suits. Tests were carried out at two distinct flow rates. The moisture 
permeability index value of the JSLIST suit was higher than that of the SPM, which indicates 
that the SPM suit provides a less permeable vapor barrier. As a result, the Coretech vest worn 
with the SPM suit performed better with a heat removal rate of 251 W for the low flow rate, and 
284 W for the high flow rate. The JSLIST results are slightly lower, with heat removal rates of 
220 W and 245 W respectively. 
 
 

 
 

Fig.2. Heat removal rates for the High Density Coretech cool vest worn in conjunction 
with two types of protective clothing ensembles and body armor. 
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DISCUSSION 
 
For the same flow rate and inlet water temperature, the heat removal rate was found to increase 
with the density of tubing, with an increase of 23 % in the heat removal rate for the High Density 
tubesuits, as compared to the Low Density one. This stresses the importance of maximizing the 
surface area for the heat exchange to take place between the body and the water-filled tubes. On 
the other hand, increased tubing length also implies larger frictional losses, and pump power 
requirements. The tubing density should therefore be selected by balancing the actual cooling 
needed with the power capability or required power autonomy, for the case of a portable system. 
 
The better performance of the High Density Coretech vest with the SPM suit as compared to the 
JSLIST garment is due to the fact that the low permeability of the SPM suit minimizes the heat 
transfer between the environment and the Coretech vest. The “cold” is therefore maintained 
within the suit. 
 
The heat removal rates obtained in the present study can be compared with cooling rates 
published in different studies, for different types of cooling garments. For instance, in a study 
conducted with human subjects, Bernard (10) estimated that an Ice-Vest passive cooling system, 
consisting of ice packs located next to the torso skin, provided only 165 W of cooling, with 
environmental conditions of 38°C and 60% relative humidity (for a metabolic rate of 271 W). An 
air circulating system tested under the same testing conditions provided an estimated heat 
removal rate of 243 W. Although care must be taken when comparing these results with the 
current study, due to the completely different experimental method (manikin vs. human, no 
metabolic rate for the manikin), it was observed that in some of the tested conditions, the 
Coretech cooling vests provided a greater amount of cooling as compared to these two other 
cooling systems. The evaluation of the heat removal rate of cooling garments using a heated 
manikin provides repeatable and objective results, permits direct comparison of the effectiveness 
of cooling garments, and allows for optimization of the tubesuit design parameters. 
 
The heat removal rate of the High Density Coretech cooling vest (around 280 W) was similar to 
the rate of physiological heat production during low-to-moderate intensity exercise (11). In fact, 
Guyton (12) determined that walking at 4.2 km/hr results in a metabolic heat production of 
approximately 230 W, an intensity of exercise similar to that expected in hazardous waste 
removal operations. Taking into account an individual’s thermoregulatory ability to control core 
temperature during compensable heat stress, it is expected that during moderate intensity 
exercise, corresponding to approximately 250 to 400 W, the Coretech High Density vest could 
also significantly increase the mission time, by lowering the rate of increase of body core 
temperature. 
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