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Disclaimer

Approved for public release; distribution is unlimited. The opinions or assertions 
contained herein are  the private views of the author(s) and are not to be construed as 
official or reflecting the views of the Army or the Department of Defense. Citations of 
commercial organizations and trade names in this report do not constitute an official 

Department of the Army endorsement or approval of the products or services of these 
organizations. 
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Frostbite and 
cold injury risk in 
below freezing 

ambient 
temperatures is 
accelerated by 

wind.

Find areas of 
body most 

susceptible to 
frostbite. 

Methods to 
reduce frostbite 

risk.

Predict frostbite 
risk and 

exposure time 
with specific 
conditions.

U.S. Army Research Institute of Environmental Medicine

Thermal and Mountain Medicine Division conducts research to optimize physical and cognitive 

performance and prevent illness associated with military operations at environmental extremes, such 

as heat, cold, high terrestrial altitude, and subterranean.



Background
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National Weather Service, 2001Multi-layer Cylindrical Model

Skin

Muscle
Core

• Frostbite and cold injury risk in below 

freezing ambient temperatures is 

accelerated by wind.

• National Weather Service (NWS) Wind 

Chill Temperature Index (WCTI) calculates 

skin temperatures for frostbite risk on the 

cheek with minimal activity levels based.

• Wind chill models have also utilized 

numerical methods and cylindrical models 

in predicting frostbite risk in humans. 

• Male and Female Finite Element 

Thermoregulatory Models (FETM) are 

used to predict a more accurate WCTI 

with a geometrically and anatomically 

correct model.

Schematic of heat-exchange for multi-layer compartments (Stolwijk
and Hardy)



Meshing
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Female Mesh Male Mesh

Median U.S. 
Female

37 years old
1.76 m tall
81 kg
22% Body Fat

36 years old
1.62 m tall
66 kg
30% Body Fat

Median U.S. 
Male

Female Model Slices – Skin/Fat , Fat/Muscle, Muscle/Bones and 
Organs  



Passive System

COMSOL Bioheat Transfer Module

➢Bio-heat Transfer Equation: 𝝆𝑪𝒑
𝝏𝑻

𝝏𝒕
= 𝝀𝜵𝟐𝑻 + 𝑸𝟎 + 𝑸𝑺𝑯 + 𝑸𝑬𝑿 + 𝜷𝝎𝝆𝒃𝑪𝒑,𝒃 𝑻𝒃 − 𝑻

➢Boundary is skin surface: −𝝀
𝝏𝑻

𝝏𝒏
= 𝒉𝒄 + 𝒉𝒓 ∙ 𝑻𝒔 − 𝑻𝒐 + 𝑬

➢Boundary with clothing: −𝝀
𝝏𝑻

𝝏𝒏
=

𝑻𝒔−𝑻𝒐

𝑹𝒄𝒍+
𝟏

𝒇𝒄𝒍∙ 𝒉𝒄+𝒉𝒓

+ 𝑬

➢Respiratory heat exchange: 𝑹𝒓𝒆𝒔𝒑 = 𝟎. 𝟎𝟎𝟏𝟒𝑸𝒕𝒐𝒕 𝟑𝟒. 𝟎 − 𝑻𝒂 + 𝟎. 𝟎𝟏𝟕𝟑𝑸𝒕𝒐𝒕(𝟓. 𝟖𝟕 − 𝟏𝟎−𝟑𝑷𝒂)
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Assumption: 100% of respiratory heat exchange 
occurs in the lungs

Clothing resistance(𝑅𝑐𝑙)
and Dimensionless 
clothing area factor (𝑓𝑐𝑙)

Blood flow rate 

Operative Temperature

𝑇𝑜 =
𝑇𝑎 ℎ𝑐 + 𝑇𝑟(ℎ𝑟)

ℎ𝑐 + ℎ𝑟



Clothing
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Global Equation- Blood Temperature

Assumptions:

1. Temperature of venous blood exiting the tissues reached equilibrium with surrounding tissues and 
therefore, venous temperature is equal to tissue temperature.

2. The variation of the arterial blood temperature was considered through the countercurrent heat 
exchange factor (𝛽).

3. The body has a central blood pool and temperature is independent of location.

Assumed central blood pool: 𝑉𝑏𝜌𝑏𝐶𝑝,𝑏
𝑑𝑇𝑏

𝑑𝑡
= 𝛽𝜔𝜌𝑏𝐶𝑝,𝑏(𝑇 − 𝑇𝑏)𝑑𝑉

Blood temperature: 𝑉𝑏
𝑑𝑇𝑏

𝑑𝑡
= 𝛽𝜔 (𝑇 − 𝑇𝑏)𝑑𝑉
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Active System
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➢ Error signals in hypothalamus: 𝑒ℎ𝑦 = 𝑇ℎ𝑦 − 𝑇ℎ𝑦0
➢ Error signals on skin surface: 𝑒𝑠 = 𝑇𝑚𝑠 − 𝑇𝑚𝑠0

➢ Vasodilation: 𝐷𝐼 = 28424 ∙ 𝑒ℎ𝑦 + 4870 ∙ 𝑒𝑠

➢ Vasoconstriction: 𝐶𝑆 = 1.1 ∙ −𝑒ℎ𝑦 + 3.3 ∙ (𝑒𝑠)

➢ Total Shivering heat production: 𝑄𝑆𝐻𝑡𝑜𝑡 =
147.7 −𝑒ℎ𝑦 +44.6 −𝑒𝑚𝑠 −1.48 𝑒𝑚𝑠

2

𝑃𝐵𝐹
(𝐵𝑆𝐴)

➢ Total metabolic rate: 𝑄𝑡𝑜𝑡 = 𝑄0𝑑𝑉 + 𝑄𝑆𝐻 + 𝑄𝐸𝑋



Metabolic Heat Production
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𝜶𝑺𝑯 = 0.012

𝜶𝑬𝑿 = 0.04

𝜶𝑺𝑯 = 0.08

𝜶𝑬𝑿 = 0.04

𝜶𝑺𝑯 = 0.13

𝜶𝑬𝑿 = 0.35

𝜶𝑺𝑯 = 0.03

𝜶𝑬𝑿 = 0.33

𝜶𝑺𝑯 = 0.02

𝜶𝑬𝑿 = 0.02

𝜶𝑺𝑯 = 0

𝜶𝑬𝑿 = 0.01

𝜶𝑺𝑯 = 0

𝜶𝑬𝑿 = 0.01

𝜶𝑺𝑯 = 0.8

𝜶𝑬𝑿 = 0.2

𝝎𝒎 = 𝝎𝒎𝟎 + 𝒄𝒎 ∙ 𝑸𝑺𝑯 + 𝑸𝑬𝑿

𝑸𝑺𝑯 =
𝜶𝑺𝑯 ∙ 𝑸𝑺𝑯,𝒕𝒐𝒕

𝑽𝒊

𝑸𝑬𝑿 =
𝜶𝑬𝑿 ∙ 𝑸𝑬𝑿,𝒕𝒐𝒕

𝑽𝒊



Time-dependent Simulations

• Model Validations
• Gavhed et. al study #1 

• 8 males preconditioned in -5℃ for 60 minutes, immediately followed by 30 minutes exposed to -
10℃ with 5.0 m/s wind

• Gavhed et. al study #2 

• Effect of moderate to high metabolic rates on thermal responses at -10℃ and 5.0m/s wind with 
winter clothing worn following preconditioning (2.2 Clo). 

• WCTI Simulation
• Auxiliary Sweep: 2.5 hours for each combination of conditions.

• Ambient temperature between 1.7℃ (35 ℉) and -42℃ (-45℉).

• Wind speeds from 5 m/s (11.18 mph) to 20 m/s (44.8 mph) to compare results to the current  National 
Weather Service WCTI. 

• Exposure time to skin temperature of -4.8°C. 

• Regions of the cheek, nose, and 5th finger. 

• Metabolic power rates of 107W (basal), 357W (light exercise), and 507W (moderate/heavy exercise). 
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Model Validation
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Gavhed et al study #1 vs FETM [left] for nose[top] and cheek [bottom]; Gavhed 
et. al study #2 [right] for average skin temperature at low intensity exercise (LE) 

[top] and high intensity exercise (HE) [bottom].

Gavhed et al study #1 Gavhed et al study #2



WCTI Simulation Results
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Female FETM face [top] and hand [bottom] during 0W 
exercise WCTI simulation.
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Cheek Nose Finger

Male vs. Female FETM
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Thermoneutral No Exercise Light Exercise Moderate Exercise

Effects of Exercise on Temperature Distribution



Conclusion

The FETM in COMSOL Multiphysics 
can be used to estimate human heat 
transfer and thermoregulation in 
extreme cold and windy conditions.

The FETM simulation suggests the 
nose and finger are more susceptible 
to frostbite than the cheek in varied 
conditions and exercise can increase 
time to frostbite in higher wind chill 
temperatures (WCT).

More human studies must be 
conducted to validate the FETM in 
these conditions.
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Male and female model regional skin 
temperatures are similar with distinct 
differences only recognized in the finger.

Exercise has greater impact on the cheek in 
higher WCT, though has a negligible effect 
with decreasing WCT.

Predict future individual outcomes with 
FETM simulation. 
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