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Abstract

In the civilian and military standards ISO 15027 (2002) and STANAG No. 3981 (1995) the "survival time" in immersion suits in cold water is correlated to their thermal insulation and the water temperature, using a prediction model developed around 1984 by E.H. Wissler. However, tests with human subjects performed by the German Air Force have shown that these survival times are far too long, dangerously overestimating the performance of survival suits. Considering the demand that a person should come through an immersion situation without irreversible physical damage, a different test and evaluation method for the "tolerance time" in immersion suits is required.
Two such methods have been developed by Germany, namely the thermo-physical model (Hohenstein Institutes) based on measurements with a thermal manikin, which, in a climatic chamber floats in a water basin in the same body posture as a person wearing the immersion suit in combination with a flotation device and the thermo-physiological model (German Air Force, Patent DE 10 2006 058 039 A1 2008.06.19). In order to validate this test and evaluation method, the German Air Force has performed controlled trials with male and female subjects dressed in a cold protective immersion suit and floating in water. The subjects’ physiological data such as rectal and skin temperatures, heart and breathing rate, blood pressure etc. as well as their subjective thermal perception and general well-being were continuously registered and monitored.
Considering the precision of the results of these human subject tests on an α = 0.05 level, with water temperatures between 0 and 7 °C a very good, and with water temperatures above 7 °C a good agreement with the prediction of the tolerance times resulting from the thermal manikin tests with the Hohenstein evaluation model is found.

Keywords: Survival time, tolerance time, thermal manikin, thermo-physiological model.
1.0
introduction

Current operations of the German Armed Forces have led to increasing operational requirements of soldier equipment. Their equipment has to protect them from cold, heat, humidity and conditions under NBC-threat to be able to continue their mission without any activity-related deterioration of performance.
For the selection, optimization and development of individual protective equipment, thermo-physical [38] [39] and thermo-physiological [27] [28] simulation methods are available in Germany that are capable of determining and predicting the wear time, tolerance time and survival time of the individual wearer under defined climatic conditions.
In the civilian and military standards ISO 15027 (2002) [9] and STANAG No. 3981 (1995) [32] the "survival time" in immersion suits in cold water is correlated to their thermal insulation and the water temperature, using a prediction model developed around 1984 by E.H. Wissler [42]. However, tests with human subjects performed by the German Air Force [28] [29] have shown that these survival times are far too long, dangerously overestimating the performance of survival suits. Considering the demand that a person should come through an immersion situation without irreversible physical damage, a different test and evaluation method for the "tolerance time" in immersion suits is required. 

Meanwhile, such methods have been developed in Germany. 

The thermo-physical model (Hohenstein Institute [38] [39]) is based on measurements with a thermal manikin which, in a climatic chamber, floats in a water basin in the same body posture as a person wearing the complete immersion suit. 

The thermo-physiological model (German Air Force Patent DE 10 2006 058 039 A1 2008.06.19 [28]) used as part of the test project was designed on the basis of the mission to create a measurement setup and a measurement process that allows to determine the quality of thermal protection of a protective system under test in all body regions of a soldier at varying exposure temperatures and, using the obtained data, to make accurate predictions on the tolerance and survival times, e.g. the time of onset of frostbite of given body areas.  
The following manuscript in detail describes the thermo-physiological method presents and discusses its results. 

2.0
methods

2.1
Survey of the Separate Steps of the German Methods
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Figure 1: Flow diagram depicting the separate steps of the thermo-physical and thermo-physiological tolerance time calculation

2.2 Thermo-Physical Model

The basic principle of the thermo-physical model consists in exposing a copper-shell manikin (thermal manikin) to defined climatic conditions. In the process, the copper surface of the manikin is heated up to a constant temperature (32 °C), and the produced heat flow to the environment is measured. The thermo-physical measurements serve the determination of the insulation value of the protection system [38].
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Figure 2: „Charlie 4“ copper manikin including a description of the thermo-physical measurements used by the Hohenstein Research Institute

2.2
Thermo-Physiological Model

2.3.1
Measurement Setup and Process 

The new thermo-physiological model was developed on the basis of cooling curves of the human body. In the process, physiological data recorded during thermo-physiological tests of the protection systems, thermoregulatory mechanisms of the human body [2] [3] [17] [30] clinical and forensic aspects of hypothermia [13] [16] [22] [23] [26] [37] as well as norms [4] [9] [32] were used to calculate the points in time at which critical temperatures for vital functions are reached. 
The thermo-physiologically relevant limits of the German method were defined in analogy with EN ISO 15027 and [4] in analogy with [9] [23]. The limit for the skin temperature was fixed at 10 °C, and the limit for the body core temperature was fixed at 35 °C.

2.3.2
Measurement Setup

Continuous observation of the subject was ensured by video and through an observation window facing the climatic chamber as well as by Intercom.   
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Figure 3: Test room showing the climatic simulation chamber and Recording system 

The medical parameters such as ECG, blood pressure, pulse rate, rectal temperature, breathing rate and peripheral blood oxygen saturation were recorded by the „IntelliVue MP70“ patient monitor  (Philips mfrs). Any other parameters were recorded by the temperature and temperature / humidity sensors (Additive mfrs.) at various body locations (big toe, lower leg and thigh, front and back of trunk, neck and forehead) and were continuously recorded along with the climatic chamber parameters.

2.3.3 Climatic conditions

The tests were conducted successively with two different climatic simulation conditions. Relevant parameters are at Table 1 and Table 2.

Table 1: Climatic parameters in the „climatized cockpit“ test facility

	Parameter
	Value

	Temperature dry, air
	+25.8 °C ( 1.0 °C

	Rel. humidity, air
	33.4% ( 2.2%

	NET [41]
	21.7 °C


Table 2: Climatic parameters in the „cold water“ test chamber

	Parameter
	Value

	Temperature dry, air
	+1.7 °C ( 0.4 °C

	Temperature globe, air
	+1.2 °C ( 0.1 °C

	Rel. humidity, air
	60.5% ( 2%

	Temperature, water
	+4.4 °C ( 0.1 °C

	Wind speed
	3.0 m/s ( 0.02 m/s

Wind direction:

frontal


2.3.4
Physiological Parameters

· ECG

· Heart rate 

· Breathing rate 

· Body core temperature (rectal and tympanic temperature)

· Blood pressure

· pO2
· Mean skin temperature in accordance with RAMANATHAN [24]0 and EN ISO 15027-3 (2002 D) [9]
tRAMANATHAN = 0.3(tchest +tupper arm) + 0.2(tthigh + tlower leg)

· Temperature under the protection system (back and chest)
· Temperatures measured at forehead and limbs  
· Relative humidity measured between undershirt and immersion suit (shoulder blade) 

· Relative humidity measured between skin and underwear

· Body mass, loss of body fluids

· Exact sensor locations are shown at Figure 4a and b
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Figure 4: Sensor locations in accordance with EN ISO 15027

2.3.5
Psychological Parameters

· Queries about general well-being were made using the questionnaire „Thermal well-being – cold” 

· Queries about the experienced psychophysical stress were made using the questionnaire „SAM 136“

2.3.6
Course of Thermal Testing

	Duration of Load
	Type of Load
	Simulation

	10 min

Test facility
	Sitting at rest on a bicycle ergometer

at room temperature 
	

	10 min

Test facility
	2nd time completing 2 questionnaires
	Flying under normal ‘climatized cockpit’ conditions 

	10 min

Test facility
	Ergometry workout at 1.0 W/kg body mass 
	Ejection

	100 – 350 min Test facility
	Thermal images

Entering the cold water, 3rd time completing 2 questionnaires („Chamber 0“)

After 35 min: 4th time completing 2 questionnaires („Chamber 1“)

After 60 min: 5th time completing 2 questionnaires („Chamber 2“)

After 85 min: 6th time completing 2 questionnaires („Chamber 3“)

After 115 min: 7th time completing 2 questionnaires („Chamber 4“)

After 100 - 350 min: Exiting the cold water
	Pilot’s stay in cold water
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2.3.7
Subjects

Only physically and psychologically fit individuals (aged 31 ( 9 years) were selected for voluntary participation as test subjects. All of the test subjects were examined in accordance with the regulations governing Military Flying Fitness, Class III.

The test included 3 female and 7 male subjects.

Table 3 is a survey of the values and averaged values, standard deviations of body mass, body length, body surface [5], fat percentage [25], BMI [30], basal metabolic rate [31], age and sex of the subjects.

Table 3: Subjects’ data
	Subject
	Body mass

[kg]
	Body length

[m]
	Body surface

[m2]
	Fat percentage

[%]
	BMI
	Basal metabolic rate

[kcal]
	Age

[years]
	Sex

	E
	76.31
	1.68
	1.86
	31.2
	27
	1517
	24
	f

	F
	68.07
	1.62
	1.72
	36
	26
	1424
	24
	f

	G
	62.75
	1.68
	1.71
	28
	22
	1370
	25
	f

	H
	102.81
	1.86
	2.27
	31.2
	30
	1698
	43
	m

	K
	103.66
	1.86
	2.28
	25.1
	30
	1730
	45
	m

	L
	101.39
	1.82
	2.22
	20.4
	31
	1673
	26
	m

	M
	82.56
	1.82
	2.03
	24
	25
	1767
	37
	m

	N
	81.89
	1.90
	2.09
	22
	23
	1725
	20
	m

	O
	83.69
	1.75
	1.99
	25.9
	27
	1769
	35
	m

	P
	87.02
	1.79
	2.06
	22.2
	27
	1963
	29
	m

	Average value
	84.56
	1.77
	2.01
	23
	26.5
	1663
	31
	

	Standard deviation
	13.55
	0.09
	0.20
	5.3
	0.8
	153
	8.7
	


2.3.8
Test Discontinuation Criteria

The test was to be discontinued in case of:

· Pathological ECG curve 

· Cardiac dysrhythmias such as: high extrasystoles, bundle-branch block formation

· Increase in heart rate to > 200/min minus years of age 

· Decrease of heart rate to < 50/min

· Increase in blood pressure to ≥ 200 mm Hg (systolic) and ≥ 120 mm Hg (diastolic)

· Decrease in blood pressure to ≤ 100 mm Hg (systolic) and ≤ 50 mm Hg (diastolic)

· Increase in body core temperature to > 38,5 °C (rising tendency)

· Decrease in rectal temperature to < 35,5 °C (falling tendency)

· Decrease in skin temperature at any one measuring location to ≤ 10°C (IAW EN ISO 15027-3)

· Clinical signs of exhaustion and / or as directed by independent physician 

· Approximation and approximation speed of average skin temperature to the body core temperature (rising gradient) 

· At the subject’s wish

2.3.9
Medical Safety

Every subject was examined for his / her medical fitness by a physician prior to each test. The physiological parameters were continuously recorded, visualized and stored for observation and / or continuous assessment of the parameters listed under „ discontinuation criteria”. Medical observation of the subjects was ensured by the presence of a physician. A medical emergency kit was kept available in preparation for an emergency. The communication between subjects and the test director outside the climatic chamber was via a headset / microphone system.

2.3.10
Voluntary Participation

Prior to the test, each subject was informed about the nature, scope and purpose of the test as well as about his / her rights associated with his / her voluntary participation in the test. The subjects gave their written consent with the option to discontinue the test at any time without giving a reason.

3.0
Results

3.1
Physiological Parameters

The cold-water exposure time varied from subject to subject. In order to enable the statistic evaluation of the measured data, the averaged curves were visualized in the following figures only up to the 70th test minute. In the process, only the averaged heart rate, rectal temperature, mean skin temperature curve progressionss (in accordance with RAMANATHAN) and the skin temperature of the big toe were visualized.  

3.1.1
Heart Rate

3.1.1.1
In Air

The average heart rate of the subjects (Figure 5) at the beginning of measurements was 87 ( 14 min-1 and, within the rest interval, dropped to 85 ( 15 min-1. The heart rate rose to 97 ( 12 min-1 for a short period during the completion of the questionnaire. Under physical load (1 W/kg body mass), the heart rate continuously rose from initially 90 ( 13 min-1 to 139 ( 11 min-1.
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Figure 5: Mean heart rate curve progression
3.1.1.2
In Water

During exposure in cold water, the heart rate continuously decreased from initially 122 ( 13 min-1 to 82 ( 14 min-1 in the 70th test minute. Exceptions to the cooling phase that lasted to the 70th test minute were the phases of immersing (2nd minute) and donning the gloves / muff (2nd to 3rd minute) – during which the heart rate rose again to its initial value of 122 ( 7 min-1.

3.1.2
Rectal Temperature

The curve progression of the mean rectal temperature is at Figure 6.

3.1.2.1
In Air

From initially 37.77 ( 0.10 °C, the rectal temperature continuously (also during physical load) dropped until the 28th test minute to 37.64 ( 0.27 °C. Subsequently, it slightly rose again to 37.67 ( 0.29 °C at the end of the ergometric workout.

3.1.2.2
In Water

During cold exposure, the rectal temperature decreased continuously from 37.40 ( 0.29 °C to a final value of 36.88 ( 0.29 °C.
[image: image7.wmf]36,6

36,8

37,0

37,2

37,4

37,6

37,8

38,0

0

10

20

30

time [min]

temperature  [°C]

air +25,8°C

36,6

36,8

37,0

37,2

37,4

37,6

37,8

38,0

0

10

20

30

40

50

60

70

water +4,4°C


Figure 6: Mean rectal temperature curve progression

3.1.3
Mean Skin Temperature in Accordance with Ramanathan

The mean skin temperature curve progression in accordance with Ramanathan is at Figure 7.

3.1.3.1
In Air

At room (test facility) temperatures (+25.8 °C), the temperature continuously rose slightly from initially 
35.3 ( 0.4 °C to 35.7 ( 0.3 °C in the 25th minute. During the last five minutes of physical load, the rate of increase of the average mean skin temperature was higher, finally reaching 36.3 ( 0.3 °C.
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Figure 7: Averaged Mean skin temperature curve progression (Ramanathan)
3.1.3.2
In Water

During immersion in cold water, the average mean skin temperature exponentially dropped from  32.2 ( 0.6 °C to 26.3 ( 1.1 °C.

3.1.4
Average Skin Temperature ate the Big Toe

The average skin temperature (measured at the big toe) curve progression is at Figure 8.

3.1.4.1
In Air

The temperature changed cyclically with the load phases. From initially 30.2 ( 2.4 °C, the skin temperature measured at the big toe reached its maximum of 34.2 ( 4.8 °C in the 19th minute and decreased again to 32.0 ( 2.0 °C during the physical load phase.
3.1.4.2
In Water

In contrast to the measurement in air, the temperature continuously, almost linearly, dropped from 28.5 ( 2.6 °C to 12.8 ( 1.8 °C during cold-water immersion.
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Figure 8: Mean skin temperature (measured at the big toe) curve progression
3.1.5
Thermal Images

Thermal images of the subjects’ body surface and of the outer surface of the protection system were taken prior to and after cold exposure. The thermal images of one subject are at Figure 9 – Figure 11. They were taken after 41 minutes of cold exposure.
In spite of individual distribution, the maps of the isothermal surfaces (delineated isothermal surfaces) of the temperature distribution on the skin show gender-specific commonalities.

The temperatures of the limbs of female subjects are markedly lower than in male subjects already before cold exposure. Thus, the cooler isothermal surfaces of female subjects increase at the expense of the warmer isothermal surfaces. 

After cold exposure, the skin temperature above the vital organs such as kidneys, liver, lungs and heart was not below the critical temperature values. The surface of the subjects’ back, back of the head / neck and limbs was markedly more cooled than the remaining skin areas.

In spite of proper release of the life vest – checked by rescue and safety personnel (R&S specialists) – and the inflated floatation devices, the back of the subjects’ heads was immersed in water, resulting in intense cooling of the head, particularly at the back of the head / neck (cf. Figure 11). The massive hypothermia of the back of the head / neck and, in some cases also of the hands and feet, was the reason for premature discontinuation of the test. 

The intense cooling of the feet (Figure 10) is indicative of insufficient thermal protection by the sock-shoe system.  

Some subjects show asymmetry of cooling of the left and right body surface. 

The thermal images of the subjects wearing the protection system made thermal bridges visible. These thermal bridges were particularly pronounced in the unprotected area between the helmet and the collar of the life vest (Figure 9).

Figure 9: Thermal image: Marine survival suit, frontal and dorsal view
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Figure 10: Thermal images: Naked feet and hands upon exposure to cold water
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Figure 11: Thermal images: The head upon exposure to cold water
3.2
Tolerance time

3.2.1
Problem Definition

Numerous mathematical and physical models to calculate survival times and / or tolerance times exist in the literature. They were developed on the basis of physical models [7] [10] [11] [27] [34] [35] [36] [42].

The basic principle of thermo-physical methods consists in using a protective equipment-draped heat-dissipating thermal manikin to determine the insulation value of clothing. Subsequently, the tolerance times are predicted on the basis of the insulation value using mathematical algorithms.
The disadvantage of these methods consists in the fact that mathematical-physical modelling cannot ascertain the totality of reactions of the human body. Most models cannot sufficiently accurately incorporate body parts such as head, neck and limbs in the calculation of the cooling curves of the human body.

3.2.2
Determining the Cold-Tolerance Time with a Collective of Subjects

3.2.2.1
Measurement Setup and Process
This prediction method was developed on the basis of cooling curves of the human body. In the process, physiological data recorded during thermo-physiological tests, mechanisms of thermoregulation of the human body as well as clinical and forensic aspects of hypothermia for the calculation of the time at which critical temperatures are reached were factored in.

Theoretical findings obtained from the energy balance [10] [12] [25] [30] of the human body and its behaviour in cold environments [17] [19] [29] as well as from the modelling of physiological processes enabled the prediction of the wear, tolerance and survival times also for non-tested climates [German Air Force, Patent DE 10 2006 058 039 A1 2008.06.19 [28]].
The process was divided into the following two phases: 
In the first phase, the cooling curves of the human body and / or the cooling of given body parts were measured. In the second phase, mathematical calculations were made depending on the problem definition to determine the relevant times (wear, tolerance and survival times). This is explained in greater detail in the following sections:

3.2.2.2
Determining the Tolerance Time for One Single Climatic Condition
The subjects were dressed in the protective system and exposed to defined climatic conditions (Table 1 and Table 2). 

The physiological parameters were continuously recorded. The measured parameters were graphically visualized as a function of exposure time (Figure 5 - Figure 8). The functions of the physiological parameters were mathematically treated, visualizing the theoretical curve progression up to a defined critical limit that enabled the calculation of the maximum exposure time.

To make a statistically reliable statement on the obtained results, the standard deviation, the confidence interval (the expected value of a random variable α = 0.05) and the approximation for each curve were determined using the regression method (coefficient of determination R²).

For calculating the tolerance time, the critical rectal temperature was fixed at 35 °C, and the values of the skin temperatures, in accordance with EN ISO 15027-3, were fixed at 10 °C. In case the rectal temperature drops below 35 °C [23] [26] the danger exists that the body could uncontrollably cool. This could finally result in cold death. If the skin temperature drops below 10 °C [26], irreversible cold damage to these areas can no longer be excluded. 

To protect its core from cooling and to delay cold death, the body reduces the blood flow to its limbs [1] [2] [8] [26] [33]. Thus, these body areas cool much more quickly than the rest of the body mass. 

Looking differentially at a drop in rectal temperature and skin temperature allows for calculating:

· the critical survival time without taking account of the above body areas 
· the time limit at which these body parts sustain frostbite or
· the tolerance time without irreversible damage

The tolerance times for the tested population wearing the protection system are at Table 4. The determined tolerance times are limited to one single climate condition (cf. Table 2).

Table 4: Determined tolerance times and coefficient of determination R²

	
	Water Temperature +4 °C

	Tolerance time for protection system not including hands and feet up to 
	120 min

R² = 0.99

	Danger of frostbitten feet from 
	67 min

R² = 0.97


The calculated data should be interpreted such that the wearer of an intact protection system has full capacity to act as long as the time limits for the danger of frostbitten limbs are not exceeded. Below that time limit, the victim will be able to independently initiate and perform rescue action after ejection above land or sea with a 95% probability (regression computation: α = 0.05). After the stated time limit he / she will, however, no longer be able to safely handle the firearm which is part of the survival equipment. 

Within the tolerance time – not considering hands and feet – the victim can be rescued alive. However, irreversible damage to the limbs cannot be excluded.

Finally, it must be pointed out that acute change of and / or increase in psychological stress (combat mission) or substantial deterioration of the physical constitution (unconsciousness / trauma) will reduce the real tolerance time (time limit) by as much as 50%. 

Finally it must be stated that based on the tolerance times and time limits - calculated in accordance with EN ISO 15027-2  - the tested protection system cannot be assigned to any protection class.
3.2.2.3
Tolerance Time as a Function of Water Temperature

The following thermodynamic regularities were applied to calculate the tolerance time as a function of effective exposure temperature.

· Definition of tolerance time:
tT = 
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Where:   tT = tolerance time 



Δ Smax = maximum tolerable reduction in heat content (Watts per hour) 



Δ H = effective reduction in heat content (Watts)
· Computation of the effective reduction in heat content: 

When assuming that the maximum possible tolerable cooling rate of the body is 60 - 100 Watts per hour, the following formula can be used to define Δ H :
 
 ΔH = 
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· Computation of heat loss: 

The actual heat loss allows computing body heat dissipation to the environment (H)

H = ΔH - M               



      




(3)

Where: 
M = metabolic activity that was fixed at 160 W for computation
· Computation of perceived (sensible) heat flow: 
Hc = H - Hres 

Where: Hres = energy loss due to respiration        





(4)
· Calculation of Hres:
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(5)

· Computation of the „insulation value“ of the protection system:
Rc* = 
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Where: 
Ts = average mean human skin temperature (°C)

Ta = effective environment (test chamber) temperature (°C) 

A = Body surface of population  (actual mean value: 2.01 m²) 

Rc*= „Insulation value“ of the protection system  
When assuming the thermal insulation capacity of the protection system and taking account of the above described physical relationships (formulae 1 – 6), the tolerance time tT can thus be calculated and presented as a function for each effective exposure temperature Ta of interest. 

If the temperature limits defined above are taken account of, the following relationship (cf. Figure 12) can be established. The red curve of the function designates time limits. If the stay time in water exceeds the values of the red curve, frostbite of the extremities cannot be excluded.
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Figure 12: Graphical presentation of the tolerance time as a function of the effective water temperature 
In order to validate the obtained data, the identical cold-protection system was tested on a („Charlie 4“) copper manikin under identical conditions. The tolerance time was calculated using a thermo-physical model (Hohenstein Institute, Umbach [38]). A graph comparing the thermo-physical with the thermo-physiological data is at Figure 13. Up to an effective water temperature of 7 °C, the tolerance time correlates of the two German models are good, and with the divergence between the two functions increasing for higher temperatures. At an effective water temperature of 5 °C, the divergence is ± 0.5 h and thus still within the range of the standard deviation of the physiological data.
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Figure 13: Graph of the functions of the thermo-physiological and the thermo-physical model based on tolerance time

The valid military norms refer to the method developed by Wissler [42] whose final result of the predicted survival time substantially differs from the methods described above. In order to explain that difference, the final results of the predicted tolerance time for the three models are graphically illustrated at Figure 14.
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Figure 14: Functions of tolerance time and survival time calculated with three different models as a function of
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Figure 15: Functions of tolerance time and survival time calculated with the German and Wissler’s models based on the identical assumption: Tre = 34 °C
4.0
Discussion

4.1
Validation of the Thermo-Physiological Model
Within the effective range of exposure temperatures between 0 °C and 7 °C, the thermo-physical method [38] showed good correlation with the thermo-physiological model [28] [29] [40]. For the effective water temperature of 5 °C, the predicted tolerance time calculated with the thermo-physiological model was 0.5 h higher (α = 0.05) than that calculated with the thermo-physical model. This difference is within the standard deviation of the physiological values.
4.2
Commonalities and Differences between the Three Models
In order to evaluate and compare the obtained results with other models, the assumptions made, the test methods used and their objectives need to be highlighted. 

Both the thermo-physical and the thermo-physiological models fixed the maximum possible cooling of the body core (rectal temperature) at 35 °C. Wissler’s model [42] fixed it at 34 °C as a basis for calculation.

The rectal temperature of 34 °C used by Wissler for calculating the survival time [42] is too low. Confusion and disorientation can occur even at higher temperatures. The references [1] [2] [3] [13] [14] [23] state that heat production is reduced beginning at a rectal temperature of 35 °C (95 °F). Besides respiratory and circulatory irregularities, marked mental deficits occur that may result in incapacitation. The associated situation that is considered „hopeless“ by the victim, can, in turn, cause him to abandon himself / herself. That self-abandonment markedly reduces cold tolerance to such a degree that still existing „heat reserves” can no longer be used by the body. Thus, rectal temperatures below 34 °C [23] lead to uncontrollable cooling of the body that finally results in cold death.  

The norm DIN 33403 (page 3) [4] established by the German Institute for Standardization states that „... any further reduction in the rectal temperature (to below 35 °C) ...“can be life-threatening“.

Ejection and emergency egress causes high stress in pilots. Hypobarism, hyperbarism, hypocapnia and / or intoxication induced by ejection will markedly reduce resistance to cold. Even if no injuries were sustained, it must be assumed that cooling is much faster during the first 20 minutes after ejection than in the predicted theoretical assumption and the results obtained from cold simulation under laboratory conditions. The selection of a higher rectal temperature – at least 35 °C – is justified also for safety reasons.

Another methodological difference (Wissler vs. Germany) consists in the test process itself. Wissler’s cold-exposure method immerses the thermal manikin up to the head in water. The thermal load test of the German  models uses a natural floating behaviour in water. In the process, the effective temperature is composed of the effective temperature index [43] in water and in the air while taking account of the exposed body surfaces. The German test configuration / setup better mirrors the reality of the victim’s cold load. These differences in the methods lead to no longer comparable differing insulation values of the protection systems. In this case, it would be recommendable to introduce an internationally recognized and standardized test method in order to enable the international use of the comparison of insulation values and of the verification and classification of the protective value of the tested protection systems. 

Another difference between the German and Wissler’s models consists in the use of different mathematical algorithms. 

This statement of facts is to be illustrated more closely using the following consideration:

Figure 14 shows functions of the predicted survival times using different prediction models with Tre min fixed at 35 °C for the German models.  

The functions used by the German models apply to an energy turnover of 160 Watts and a protection system with an insulation value of 1.2 clo.

The function used by Wissler’s model applies to a rectal temperature of 34 °C and a protection system with an insulation value of 0.75 clo.

The compiled results show that the survival time values – calculated with Wissler’s model - are three times and above higher than the tolerance time values calculated with the two German models. 

When considering the fact that the insulation value of clothing underlying Wissler’s model is 1.6 times lower than that of the two other German insulation values, this results in an even higher difference between the survival and tolerance times.

Even if the value Tre = 34 °C is used in both German models (Figure 15), the predicted final tolerance time is several times lower than that calculated with Wissler’s model.

In sum: it could be demonstrated that the survival time (calculated with Wissler’s model) is different from the tolerance time calculated with the German models and that the valid assumptions, test methods / processes and their final objectives of Wissler’s and the German models are not comparable.
4.3
Advantages and Disadvantages of the Thermo-Physiological Model

Physical body temperature regulation begins with the constriction of the blood vessels in the body’s shell [2] [3] [30]. The constriction of these vessels serves the reduction of the heat flow from the body’s core to its shell. The skin temperature drops as a result of the reduced blood flow and the associated reduction of the heat transport to the body’s shell as well as the initially high heat losses from the skin to the environment [6] [8]. This drop of skin temperature varies in terms of body region and is steepest peripherally where the heat loss rises due to a high tissue surface-to-tissue volume ratio [1] [6] [8]. Maximum insulation of the body shell is reached by a temperature drop of approximately 6 K between the body core and the body surface. For skin temperatures below 10 °C [4] [6] [9] [16] [21] [22] [26] irreversible cold damage to the affected areas cannot be excluded. These body areas, however, need effective thermal protection. In order to take account of thermoregulation and to maintain the capacity to act of the wearer of the protection system, the design and construction of marine emergency and protection systems must reflect this particularity.

The main advantage of the thermo-physiological model is that it verifies the particularities of thermoregulation of the human body in cold environments. Depending on the operational requirements, statements relevant to the following critical times can be made:

· Time of death

· Onset of unconsciousness

· Survival with irreversible damage 

· Time of onset of frostbite at given body locations

· Incapacitation

· Survival without irreversible damage

In addition, it enables detailed statements on the weak spots of protection systems such as the visualization of thermal bridges etc.

The disadvantage of the thermo-physiological method consists in the fact that the measured data depends on the thermo-physiological reaction of the evaluated population – i.e. on their individual cold tolerance / resistance. This disadvantage can be mitigated by selecting a representative population of subjects from a user population while taking account of its percentiles [15], state of fitness, their body’s water balance and other thermo-physiologically relevant parameters.

5.0
References

[1] Adolph EF and Molnar GW: Exchanges of heat and tolerance to cold in men exposed to outdoor weather. Amer J Physiol (1946) 146: 507-537 

[2] Aschoff, J.: Hauttemperatur und Hautdurchblutung im Dienst der Temperaturregulation. Klin. Wschr. (1958) 36: 193-202 

[3] Aschoff J: Temperaturregulation. In Gauer OH, Kramer K, Jung R. Physiologie des Menschen. Urban und Schwarzenberg Berlin, Wien 1971, Bd 2

[4] DIN 33403-5: Klima am Arbeitsplatz und in der Arbeitsumgebung, Teil 5: Ergonomische Gestaltung von Kältearbeitsplätzen

[5] DuBois D and DuBois EF: A height-weight formula to estimate the surface areaof man. Proc Soc exp Biol NY (1916) 113: 77 

[6] Brajkovic D, Ducharme MB, Frim J: Relationship between body heat content and finger temperature during cold exposure. J Appl Physiol (2001) 90: 2445-2452

[7] Ducharme MB, Tikuisis P, Potter P: Selection of military survival gears using thermal manikin and computer survival model data. Euro J Appl Physiol (2004) 92: 658-662

[8] Enander A, Sköldtröm B, Holmér I: Reactions to hand cooling in workers occupationally exposed to cold. Scand J Work Environ Health (1980) 6: 58-65

[9] EN ISO 15027: Schutzkleidung gegen Unterkühlung im Wasser, Teil 2: Seenot-Kälteschutzanzüge, Anforderungen einschließlich Sicherheit. Teil 3: Prüfverfahren. (2002)

[10] Eyolfson DA, Tikuisis P, Xu X: Measurement and prediction of peak shivering intensity in humans. Eur J Appl Physiol (2001) 84: 100-106

[11] Farrington R; Rugh J; Bharathan D; Burke R: Use of a Thermal Manikin to Evaluate Human Thermoregulatory Responses in Transient, Non-Uniform, Thermal Environments
(2004) SAE paper no. 2004-01-2345, Warrendale, PA: Society of Automotive Engineers.

[12] Froese G and Burton AC: Heat loss from the human head. J Appl Physiol (1957) 10: 235

[13] Golden FStC: Accidental Hypothermia. J. Royal Naval Med. Serv. (1972) 58: 196-206

[14] Givoni B and Goldman RF: Predicting heart rate response to work, environment, and clothing. J of Appl Physiol (1973) 34: 201-204

[15] Handbuch der Ergonomie, Bundesamt für Wehrtechnik und Beschaffung (Hrsg.), Carl Hanser Verlag, München 1989

[16] Havenith G, van de Linde EJ, and Heus T. Pain, thermal sensation and cooling rates of hands while touching cold materials. Eur J Appl Phyiol (1992) 64: 43-51.

[17] Hedge A: Thermalsensation and Thermoregulation. Cornell University (2002) 1: 1-12

[18] Hertzmann AB, Roht LW: The absence of vasoconstrictor reflexes in the forehead circulation. Effects of cold. 
Am J Physiol (1942) 136: 692-697 

[19] Holmér I: Work in the cold, Int Arch Occup Environ Health (1993) 65: 147-155

[20] Jürgens: Körpermaße (männlich), in Handbuch der Ergonomie Band 3, Abschn. 1.2.56; Koblenz; Bundesamt für Wehrtechnik und Beschaffung 1999

[21] Lotens WA: Simulation of hand cooling due to touching cold materials, Eur J Appl Physiol (1992) 65: 59-65

[22] Kramer K und Schulze W: Die Kältedilatation der Hautgefäße, Pfüger Arch (1948) 250: 141-170

[23] Molnar GW: Survival of hypothermia by men immersed in the ocean, J. Am. Med. Ass. (1946) 131: 1046-1050

[24] Ramanathan NL: A new weighting system for mean surface temperature of the human body. J Appl Physiol (1964) 19: 531-533

[25] Reichel G, Bolt H M, Hettinger T, Selenka F, Ulmer H-V, Ulmer WT: Grundlagen der Arbeitsmedizin, Verlag W. Kohlhammer 1985

[26] Schäfer A. The Tissiue Damage Caused by freezing. In Hypothermiea. Clilnical and Forensic Features, Schmidt-Römhild Lübeck, 2004

[27] Shender BS, Kaufman JW: Validation and sensitivity analysis of Texas human thermal model predictions during cold water immersions. Warminster: Naval Air Warfare Center Airchraft Division, Feb 1993; Technical Report No. NAWACADWAR-93069-60

[28] Schlykowa L, Schafroth J: Messanordnung und Verfahren zur Ermittlung von physiologischen Körperdaten in Abhängigkeit von einer zu untersuchenden Schutzbekleidung im kalten Wasser. Patent DE 10 2006 058 039 A1 2008.06.19

[29] Schlykowa L.: Thermophysiologische Erprobungen der Seenotausrüstungen im kalten Wasser und kalter Luft: WTA-Nr; 20842 (2004); WTA-Nr: 31724 (2004); WTA-Nr: 31724 (2005); WTA-Nr: 7150 (2006); WTA-Nr:70944 (2007); WTA-Nr. 61376 (2008) 

[30] Schmidt R, Thews G: Physiologie des Menschen, Springer Verlag, Berlin 1995

[31] Schmidtke: Handbuch der Ergonomie, Sektion B – 1.2.65, Stand 1999

[32] STANAG 3981(Edition 1): Minimum physiological requirements for immersion protection assemblies for aircrew

[33] van der Struijs NR, van Es EM, Raymann RJEM and Daanen HAM: Finger and Toe Temperatures on Exposure to Cold Water and Cold Air. Aviation Space and Environmental Medicine (2008) 79: 941-945

[34] Tamura T: Development of a Two-Layer Movable Sweating Thermal Manikin. Industrial Health (2006) 44: 441-444

[35] Tikuisis P, Gonzalez RR and Pandolf KB: Thermoregulatory model for immersion of humans in cold water, J Appl Physiol (1988) 64: 719-727, 

[36] Tikuisis P: Predicting survival time for cold exposure, Int J Biometeorol (1995) 39: 94-102

[37] Tipton M, Gennser CEM and Golden F: Immersion Death and Deterioration Swimming Performance in Cold Water. Lancet, (1999) 354:626-29.
[38] Umbach KH: Charlie 4 – ein neues Thermoregulationsmodell des Menschen zur genaueren physiologischen Bewertung von Kleidung. Hohensteiner Forschungsbericht 1993

[39] Umbach KH: Hohensteiner Forschungsbericht Untersuchung Nr. 04.4.5204 (2005)

[40] Umbach KH, Schlykowa L: Determination of the torlerance time in immersion suits with a thermal manikin conforming to practical experience, 46th Dornbirn Man-Made Fibers Congress, Austria 19-21 September 2007

[41] Weber E: Grundriss der biologischen Statistik, Gustav Fischer Verlag, Jena 1972

[42] Wissler EH: Mathematical simulation of human thermal behaviour using whole-body models. In Shizer A Erhart RC (eds) Heat transfer in medicine and biology, 1, Plenum Press, New York (1985) 347-355 

[43] Yaglou, C.P.: Temperature, Humidity and Air Movement in Industries: The Effective Temperature Index, J Industrie Hyg (1927) 9: 297, 



Red curve = with frostbite


Blue curve = without frostbite
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