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Time-Dependent Heat Transfer Analysis: Freezing of a
Human Body in Outer Space

Abstract / Executive Summary

The study investigates the duration required for human body freezing in space
conditions because exposure to vacuum environments imposes severe thermal
challenges. The problem addresses freezing times through a time-dependent heat
transfer model that uses an 80-kg spherical human body at 310 K initial temperature
near 3 K background temperature. The main heat loss process occurs through Stefan-
Boltzmann radiation since conductive and convective effects prove negligible while
metabolic heat production remains constant. Numerical simulations demonstrate that
body heat generates substantial delays in temperature reduction so that freezing
requires several days to occur within such space conditions.
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Introduction

The project studies the time required for human body freezing under outer space
environmental conditions. The space environment creates such low pressure that
traditional thermal transfer methods through conduction and convection cease to exist
allowing the Stefan—Boltzmann law to define heat loss via radiation as the primary
cooling mechanism. The mathematical assessment relies on simulating an 80-kg
spherical human body maintained at 310 K while exposed to the 3 K outer space
temperature while generating metabolic heat at 100 W. The methodology includes
creating a time-varying heat transfer system which controls both radiative cooling and
internal heat generation before performing numerical solutions to the differential
equation. Through this method researchers gain understanding about heat dissipation
rates while demonstrating how basic simplifying assumptions help manage complex
thermodynamic scenarios.

Analysis

Model Formulation

We designed a basic thermal model through energy balance calculations for a human body weighing
80-kg in the outer space near vacuum environment. The model considers the body as a single
homogeneous sphere that measures 1.5 m in diameter. Space’s harsh environmental conditions promote
radiation heat transfer as the main process because conduction and convection processes become
insignificant. Based on the lumped capacitance assumption the model establishes that the body
temperature remains uniformly distributed at all times. Scientists often apply this assumption to
describe temperature conditions when body heat diffusion inside the system remains minimal relative
to whole-body temperature changes in ambient space.

1. Energy Balance Equation
The energy balance for the body can be written as:

dT :
mcpa = _Qloss + cht

where:
m is the mass of the body (80 kg),
cp is the specific heat capacity of human tissue (approximately 3500 J/(kg-K)),

T(t) is the temperature of the body (in K) as a function of time,
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Qloss is the rate of heat loss from the body, and

Q’'met is the metabolic heat generation (assumed constant at 100 W).

2. Radiative Heat Loss

The principal cooling mechanism of space depends on radiative heat transfer whose behavior matches
the Stefan—Boltzmann law. The heat loss by radiation follows the rate expression given by:

Qrad = eco0A (T4 - Te4nv)

where:
¢ ¢ is the emissivity of the body (taken as 0.95),
e 0 is the Stefan-Boltzmann constant (5.67 x 108 W/mk?),
o A is the surface area of the body, and

e Ty is the ambient temperature of space (approximately 3K).

For a spherical body, the surface area A is calculated by:

A = 4mr?
with the radius ” computed as half of the characteristic length:
1.5

r:?m=0.75m

Thus, the energy balance becomes:

drT :
mcpa = —€O'A (T4 - T;lm,) + cht

3. Assumptions and Simplifications

Lumped Capacitance:

Every moment we accept that body temperatures remain identical throughout the entire human body.
Such assumption remains applicable when the resistance from internal temperature gradients is
considerably smaller than the radiative heat resistance.

Negligible Conduction and Convection:
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Spaces near vacuum lack all necessary materials that would help conduct or convect heat in this
environment. Both terms present in an energy balance have been treated as non-existent or considered
negligible.

Constant Metabolic Heat Generation:
A constant rate of 100 W defines the metabolic heat generation ([ 'met) throughout the analysis. The
rate remains fixed at the initial value throughout the model because analysis requires its simplification.

Radiative Dominance:

Radioative heat transfer becomes vital because the body begins at 310 K while operating in a space of
3 K temperature. The Stefan—Boltzmann law shows radiative cooling dependency on the fourth power
of temperature which demonstrates its strong nonlinearity.

4. Final Differential Equation

In summary, the governing differential equation for the temperature T(t) is:

g _ _EUA (T4 - Tjnv) + cht
dt mep

This equation is solved numerically to track the temperature evolution over time.

4. Python Implementation Outline

1. Primary Simulation of Body Temperature

import numpy as np

import matplotlib.pyplot as plt

from scipy.integrate import odeint

# -

# Constants and Parameters

# -

m =80 # Mass of the body (kg)

cp = 3500 # Specific heat capacity of human tissue (J/(kg-K))
TO =310 # Initial body temperature (K)

T env=3 # Ambient temperature in space (K)

L=15 # Characteristic length (diameter) in m
r=_L/2 # Radius of the sphere (m)

A =4*np.pi * r**2 # Surface area of the sphere (m”2)

epsilon = 0.95 # Emissivity of human skin/clothing

sigma = 5.67e-8 # Stefan—Boltzmann constant (W/m”"2K"4)
Q_met =100 # Metabolic heat generation (W)

# -
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# Differential Equation Function
# =
def dT_dt(T, t):

Computes the time derivative of the body temperature T based on the energy balance.

Energy balance:
m* cp * (dT/dt) = - ecA (T4 - T_env™4) + Q_met
# Radiative heat loss computed via the Stefan-Boltzmann law
Q_rad = epsilon * sigma * A * (T**4 - T_env**4)
# Derivative of temperature (dT/dt)
dTdt = (-Q_rad + Q_met) / (m * cp)
return dTdt

# _—

# Time Domain for Simulation

# =

# Simulate for 1e6 seconds (~11.57 days)
t = np.linspace(0, 1e6, 10000)

# -

# Numerical Integration

# -

T_solution = odeint(dT_dt, TO, t)

# -

# Plotting the Results

# -

plt.figure(figsize=(10, 6))

plt.plot(t / 3600, T_solution, label="Body Temperature’)
plt.xlabel("'Time (hours)")

plt.ylabel('Temperature (K)")

plt.title('Cooling of a Human Body in Outer Space')
plt.legend()

plt.grid(True)

plt.show()
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Cooling of a Human Body in Outer Space
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2. Sensitivity Analysis: Effect of Metabolic Heat Generation

import matplotlib.pyplot as plt

# Different metabolic heat generation values for sensitivity analysis (W)
Q_met_values = [0, 50, 100, 150]
plt.figure(figsize=(10, 6))

for Q in Q_met_values:
def dT_dt_sensitivity(T, t):
Q_rad = epsilon * sigma * A * (T**4 - T_env**4)
dTdt = (-Q_rad + Q) / (m * cp)
return dTdt

T_sens = odeint(dT_dt_sensitivity, TO, t)
plt.plot(t/3600, T_sens, label=f'Metabolic Heat = {Q} W)

plt.xlabel('Time (hours)")

plt.ylabel(‘'Temperature (K)')

plt.title('Sensitivity Analysis: Impact of Metabolic Heat on Cooling')
plt.legend()

plt.grid(True)

plt.show()
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Sensitivity Analysis: Impact of Metabolic Heat on Cooling
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3. Sensitivity Analysis: Impact of Emissivity

import matplotlib.pyplot as plt

# Varying emissivity values for sensitivity analysis
epsilon_values = [0.8, 0.9, 0.95, 1.0]
plt.figure(figsize=(10, 6))

for eps in epsilon_values:
def dT_dt_emissivity(T, t):
Q_rad = eps * sigma * A * (T**4 - T_env**4)
dTdt = (-Q_rad + Q_met) / (m * cp)
return dTdt

T_emiss = odeint(dT_dt_emissivity, TO, t)
plt.plot(t/3600, T_emiss, label=f' Emissivity = {eps}')

plt.xlabel('Time (hours)’)

plt.ylabel('Temperature (K)")

plt.title('Sensitivity Analysis: Impact of Emissivity on Cooling')
plt.legend()

plt.grid(True)

plt.show()
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Sensitivity Analysis: Impact of Emissivity on Cooling
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4. Parameter Summary Table

import pandas as pd

# Create a DataFrame with simulation parameters
data = {
'Parameter": ['Mass (kg)', 'Specific Heat (J/kgK)', 'Initial Temp (K)', '"Ambient Temp (K)',
'Characteristic Length (m)', '‘Radius (m)', 'Surface Area (m"2),
'Emissivity', 'Stefan—Boltzmann Constant (W/m"2K"4)', 'Metabolic Heat (W),
‘Value': [m, cp, TO, T_env, L, r, A, epsilon, sigma, Q_met]

df_params = pd.DataFrame(data)
print(df_params)

Parameter Value
Mass (kg) 8.000000e+01
Specific Heat (J/kgK) 3.500000e+03
Initial Temp (K) 3.100000e+02
Ambient Temp (K) 3.000000e+00
Characteristic Length (m) 1.500000e+00
Radius (m) 7.500000e-01
Surface Area (m"2) 7.068583e+00
Emissivity 9.500000e-01
Stefan-Boltzmann Constant (W/m”2K”4) 5.670000e-08
Metabolic Heat (W) 1.000000e+02

© 00 N o 0o W N P O
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Results

Various key findings emerge from the simulation and sensitivity investigations.

Primary Simulation:

The temperature-time graph demonstrates that metabolic heat generation at 100 W controls the cooling
process while maintaining heat loss through outer space despite large temperature differential. During
several days the body temperature descends at a steady pace instead of undergoing an instant drop.

Metabolic Heat Sensitivity:

Changes in metabolic heat output show that small amounts of generated heat will affect temperature
decline substantially. Zero metabolic heat leads to an abrupt temperature decrease which demonstrates
how body-produced heat works as an important factor for enduring survival.

Emissivity Impact:

More efficient heat transfer through radiation occurs when products possess higher values of emissivity.
Modeling thermal behavior in space requires precise emissivity measurement because this sensitivity
analysis proves the impact of emissivity on space modeling results.

Discussion

Multiple simplifications form the basis for building this model.

Geometric Simplification:
A simple spherical shape serves as a body representation in this model because it helps simplify body
geometries and varied thermal characteristics of actual human bodies.

Dominance of Radiative Heat Transfer:
Space conditions that are nearly void of matter make conduction and convection patterns negligible.
The inclusion of these bodies becomes necessary for space scenarios which do not extend to deep space.

Constant Metabolic Heat Generation:

A constant metabolic rate of 100 W fails to explain the physical changes that occur during body
cooling. Temperature decreases metabolic rates in humans and this additional rate slowdown will
influence the overall cooling process.

Parameter Uncertainty:
The technical limitations of emissivity and specific heat capacity measurements lead to modeling
uncertainties that affect simulation results according to sensitivity analysis results.

The present model offers fundamental knowledge about space-based body cooling but its accuracy
would increase through additional refinements including variable metabolism modeling and better
representation of human anatomy.

Conclusion

This document conducts a temporally evolving heat transfer assessment of human outer space bodies
through a basic spherical human model. The computed solutions of the energy balance equation
confirm that body heat generated through metabolism extends the amount of time required for freezing
to occur. The cooling rate depends heavily on two important factors including metabolic heat
production and surface emissivity according to sensitivity analysis. The simplified model correctly
demonstrates how radiative losses interact with metabolic heat to extend freezing time to multiple days
despite its basic assumptions.
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