
Editors:
Michael T. Kezirian, Ph.D.
Joseph Pelton, Ph.D.
Tommaso Sgobba

VOL. 2  NO. 2 - DECEMBER 2015



Publication information: The Journal of Space Safety Engineering (ISSN Pending) is a quarterly publication of the International Association for the 
Advancement of Space Safety (IAASS). You can read about IAASS mission, goals, organization, membership and activities at: http://iaass.space-safety.
org/. The JSSE is published using an open access publication model, meaning that all interested readers are able to freely access the journal online without 
the need for a subscription, and authors are not charged.

Authors inquiries: For inquiries relating to the submission of articles please contact the Editor-in-Chief at: jssepub@gmail.com. For all information about 
the journal, please visit the journal web page http://iaass.space-safety.org/publications/journal/. Authors instructions on preparation and submittal at:  
http://iaass.space-safety.org/wp-content/uploads/sites/24/2013/07/JSSE-authors_instructions.pdf.

Advertising information: if you are interested in advertising or other commercial opportunities please e-mail iaass.secretariat@gmail.com and your inquiry 
will be passed to the correct person who will respond to you within 48 hours.

Copyright and photocopying: Authors retain the copyright of their work. The IAASS maintains the copyright of the Journal as a whole. Single photocopies 
or electronic scans of single articles may be made for personal use as allowed by national copyright laws. Authors or IAASS permission and the payment 
of a fee is required for all other photocopying, including multiple or systematic copying, copying for advertising purposes, resale, and all forms of document 
delivery. For information on how to seek permission please contact the Editor-in-Chief at jssepub@gmail.com.

Notice: No responsibility is assumed by the Publisher IAASS and by Editors and Editorial Board for any injury and/or damage to persons or property from 
any use or operation of any methods, products, instructions or ideas contained in the journal. Although all advertising material is expected to conform to 
ethical professional conduct of IAASS, inclusion in this publication does not represent an endorsement of the quality or value of such product or service.

Credits: Kristhian Mason, IAASS graphic designer, for cover image, graphic work, layout and paginations.  Cover pictures: Orbital-3 Mission, NASA Wallops Flight 
Facility, Wallops Island, Virginia, America - 27 Oct 2014  - Joel Kowsky/NASA/REX; ss-141029-cygnus-rocket-explosion-mn-04 - SPACE-ORBITAL/Handout

Michael T. Kezirian, Ph.D.
The Boeing Company
University of Southern California
Editor-in-Chief

Tommaso Sgobba
European Space Agency (ret.)
Managing Editor 

Joseph Pelton, Ph.D.
George Washington University (ret.)
Assistant Editor-in-Chief 

EDITORS

George W. S. Abbey
National Aeronautics and Space Administration (ret.)

Sayavur Bakhtiyarov, Ph.D.
University of New Mexico

Kenneth Cameron
Science Applications International Corporation

Luigi De Luca, Ph.D.
Politecnico di Milano

Joe H. Engle
Maj Gen. USAF (ret.)
National Aeronautics and Space Administration

Herve Gilibert
Airbus Space & Defense

Jeffrey A. Hoffman, Ph.D.
Massachusetts Institute of Technology

Ernst Messerschmid, Ph.D.
University of Stuttgart (ret.)

Isabelle Rongier
Airbus Safran Launchers 

Kai-Uwe Schrogl, Ph.D.
European Space Agency 

Zhumabek Zhantayev
National Center of Space Researches and 
Technologies (NCSRT)- Kazakhstan

EDITORIAL BOARD

William Ailor, Ph.D.
The Aerospace Corporation

Christophe Bonnal
Centre National d’Etudes Spatiales 

Jonathan B. Clark, M.D., M.P.H
Baylor College of Medicine 

Victor Chang
Canadian Space Agency

Paul J. Coleman, Jr., Ph.D.
University of California at Los Angeles (Emeritus) 

Natalie Costedoat
Centre National d’Etudes Spatiales

Gary Johnson
Science Application International Corporation

Barbara Kanki
National Aeronautics and Space Administration (ret.)

Bruno Lazare
Centre National d’Etudes Spatiales

Carine Leveau
Centre National d’Etudes Spatiales 

Tobias Lips
Hypersonic Technology Goettingen

Michael Lutomski
Space Exploration Technologies

Erwin Mooij, Ph.D.
Delft University of Technology

John D. Olivas, PhD, PE
University of Texas El Paso

Nobuo Takeuchi
Japan Aerospace Exploration Agency

Brian Weeden
Secure World Foundation

Paul D. Wilde, Ph.D., P.E.
Federal Aviation Administration

Uwe Wirt
German Aerospace Center (DLR)

FIELD EDITORS

• Safety by design
• Safety on long duration missions
• Launch and re-entry safety
• Space hazards (debris, NEO objects)
• Space weather and radiation
• Environmental impacts
• Nuclear safety for space systems

• Human factors and performance
• Safety critical software design
• Safety risk assessment
• Safety risk management
• Organizational culture and safety
• Regulations and standards for safety
• Space-based safety critical systems

• Space Situational Awareness
• Space traffic control
• Space traffic and air traffic interfaces
• Space materials safety
• Safe & Rescue
• Safety lessons learned

MAIN JSSE TOPICS

The Journal of Space Safety Engineering (JSSE) provides an authoritative source of information in the field of space safety design, research and develop-
ment. It serves applied scientists, engineers, policy makers and safety advocates with a platform to develop, promote and coordinate the science, technol-
ogy and practice of space safety. JSSE seeks to establish channels of communication between industry, academy and government in the field of space 
safety and sustainability.

AIMS and SCOPE

Volume 2  No. 2 – December 2015

JOURNAL  of
SPACE  SAFETY  ENGINEERING

Journal of Space Safety Engineering – Vol. 2  No. 2 - December 2015

International Association for the Advancement of Space Safety

http://iaass.space-safety.org
http://iaass.space-safety.org
mailto:jssepub%40gmail.com?subject=
http://iaass.space-safety.org/publications/journal
http://iaass.space-safety.org/wp-content/uploads/sites/24/2013/07/JSSE-authors_instructions.pdf
mailto:%20iaass.secretariat%40gmail.com?subject=
mailto:%20jssepub%40gmail.com?subject=


DESIGN OF SENSOR SYSTEM TO DETECT PRESENCE OF ANOMALOUS WATER 
IN AIR LINES IN THE EXTRAVEHICULAR MOBILITY UNIT

Akshay Kothakonda
University of Southern California, Department of Astronautical Engineering, 854B Downey Way, Los Angeles, CA USA, 

Email:kothakon@usc.edu

ABSTRACT

The behaviour of fluids in microgravity imposes a risk 
to an Extravehicular Activity (EVA) crewmember. The 
intrusion of water into air conduits used for pressuriza-
tion and breathing would flow with minimum resistance 
in the direction of pressure differential. Such an intru-
sion would cause water to enter into the helmet breath-
ing space and could cause suffocation and drowning in 
addition to loss of vision and loss of communication. It 
is hence prudent to detect this water intrusion before it 
accumulates undetected to a dangerous level. 

This paper offers a design to address this risk. A sensor 
system is described that detects the water intrusion into 
the air lines that are part of the Extravehicular Mobil-
ity Unit (EMU) life support system. Upon detection, the 
EVA can be terminated before a harmful state is reached.

1. INTRODUCTION

Extravehicular Activity or EVA is one of the most haz-
ardous and also indispensable aspects of human space-
flight. EVA’s have enabled feats like construction and 
maintenance of the International Space Station and the 
Hubble repair mission. The safe execution of an EVA 
with minimal compromise on functionalities is hence a 
prime motive.

On 16th of July 2013, astronauts Luca Parmitano and 
Christopher Cassidy began Extravehicular Activity 23 
aboard the International Space Station. About 44 minutes 
into the EVA, Parmitano reported water at the back of his 
helmet which slowly migrated to the front of his face. 
The EVA was terminated and Parmitano struggled to 
make it back to the airlock, having vision out of the visor 
impaired and breathing with the suspended water ardu-
ous. He also had audio communication issues due to the 
water in the helmet interfering with the communication 
system. However, he relied on tactile feel of his safety 
tether and ingressed into the airlock. Both he and Cassidy 
were re-pressurized. It was found that about 1.4 litres of 
water had accumulated inside the helmet. The mishap 
investigation board labelled this incident as a “High Vis-
ibility Close Call”. The astronaut was determined to have 
been exposed to potential loss of life due to drowning [1]. 

The sensor system described in this paper mitigates the 
consequences of the failure, which is water intrusion into 
air lines. This is done by detecting the presence of water, 
and upon exceeding a particular quantity limit, a warn-
ing is issued. This warning may lead to an EVA termina-
tion. The water detection would enable termination of the 
EVA and a safe re-pressurization before the water build-
up becomes hazardous. 

The system introduced is an initial concept. Further Re-
search & Development and testing is needed in order to 
address practical issues (like proper calibration of sen-
sors considering the innocuous presence of moisture due 
to breathing, and perspiration due to physical activity) 
in implementing it to Extravehicular Activity space suits. 

2. THE EXTRAVEHICULAR MOBILITY UNIT

The Extravehicular Mobility Unit or the EMU is a self-
containing life support system for astronauts performing 
spacewalks outside the protection of the spacecraft envi-
ronment in low earth orbit [2]. Following is a brief descrip-
tion of the EMU parts relevant to this paper. An overview 
of the different parts of the EMU are presented in Fig. 1.

The EMU consists of two main components:
• The pressure garment or the Space Suit Assembly 

(SSA) which provides pressurized envelope, mobil-
ity and thermal control. 

• The Primary Life Support System (PLSS) with a 
Secondary Oxygen Pack (SOP) which provides life 
support, power and communication systems. 

 The PLSS comprises of four main circuits: 
○ Oxygen Ventilation Circuit
○ Primary Oxygen Circuit
○ Feedwater Circuit
○ Liquid Transport Circuit

The Primary Oxygen Circuit provides oxygen at regu-
lated pressure to the Oxygen Ventilation Circuit which 
the astronaut uses for breathing. It is also used for pres-
surizing the Space Suit Assembly, aiding in water expul-
sion from the water tanks on PLSS and its pressurization. 
The exhaled Carbon Dioxide goes through a METOX 
canister where it is removed and dumped overboard. A 
fan-pump-separator system is used to both circulate the 
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exhaled air through the air processing components and 
to partially remove the water vapor in air. The remaining 
humidity removal and oxygen cooling occurs in the sub-
limator. The water collected is directed back to the water 
storage tanks. Water storage tanks are part of the Feedwa-
ter Circuit, so is the sublimator. The water storage tanks 
supply water to the Liquid Cooling and Ventilation Gar-
ment (LCVG) which is a garment worn inside the EMU, 
lined with cooling water tubes and is part of the Liquid 
Transport Circuit. This is used to remove body heat pro-
duced during the EVA operations and is re-cooled in the 
sublimator. The water storage tanks also supply expend-
able water to the sublimator, where after collecting heat, 
is dumped overboard as it freezes.

The Secondary Oxygen Pack provides 30 minutes of back-
up oxygen supply. This could be initiated either if the pri-
mary supply is exhausted, the primary regulator fails or if 
one of the purge valves (purge to space) is opened. 

Other components of the PLSS/SOP assembly are the 
space-to-space radio, Enhanced Caution and Warning Sys-
tem (ECWS) and the Display and Control Module (DCM). 
ECWS monitors the system operational conditions and the 
DCM allows the crewmember to control them.

The two parts (SSA and PLSS/SOP) are covered by the 
Thermal Micrometeoroid Garment (TMG). 

 
Figure 1. Overview of the NASA EMU [2]

3. CAUSE OF EVA 23 MISHAP

After a thorough investigation, it was determined that the 
fault most likely lied in the water separator circuit. The 
filter just upstream to the water separator unit was found 
to be clogged with inorganic impurities. Obstruction of 
this filter prevented adequate flow through to the unit. 
This in turn prevented the pitot pump from circulating all 
of the flow coming in from the gas trap. The excess water 
then flooded the water separator drum and entered the 

ventilation loop at the fan inlet. The source of the impuri-
ties is as yet unknown [2].

 
Figure 2. Water Separator Spinning Drum and Pitot 

Components [2]

4. PROPOSED SENSOR TO MITIGATE 
 THE RISK

The schematic of the sensor system is shown in Fig. 3. 
The basic concept used is the absorption of light energy 
by the leaked water droplets. Two sections of the air con-
ducting pipe have a sensor assembly in between them, 
joined by pneumatic fittings. The portion of the pipe in 
the sensor assembly is transparent in order to allow light 
energy to be transmitted. On one side of sensor, an Infra-
red (IR) light source is placed. The light generated by this 
source travels through the pipe diametrically and falls on 
a photodiode. The photodiode generates a nominal cur-
rent as long as the obstruction to the IR light is sufficiently 
low. It is calibrated for this nominal operation, taking into 
account the absorptive coefficient of the transparent pipe, 
full range of air flow rates, directivity effects of the IR 
emitter and receiver and moisture expelled from the body. 

In the event of a fluid leak into the air pipe, the water 
droplets (suspended due to microgravity) pass between 
the IR source and the photodiode. Absorption of the light 
energy by the water causes the intensity of light falling 
on the photodiode to drop beyond the set limit. This in 
turn causes a drop in current output which activates a 
warning system, part of the ECWS.

Figure 3. Schematic of the sensor to detect presence of 
water in the air pipe
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A cross-sectional view of such a setup is shown in Fig. 
4. As shown, the setup may be enclosed in a rectangular 
frame with two opposite sides fixed and supported to the 
EMU. This prevents relative motion between the sensor 
and the pipe. One side of the frame may be removable to 
make assembling and disassembling easier. There may 
be a cover along the cross section to prevent outside light 
from affecting the detector reading.

Figure 4. Cross sectional view of the sensor system

There may be several of such sensors placed at various 
points in the air circuit. This achieves two objectives. One, 
there may be several sources of water intrusion into the 
pipe and having the sensors downstream of the possible 
locations maximizes the probability of detecting the wa-
ter presence. Second, having more than one sensor makes 
it possible to confirm the warning generated by the first 
sensor. As the water is carried by the air flow, it activates 
successive sensors with a certain time delay. This asserts 
the presence of water. The concept is illustrated in Fig. 5.

 
Figure 5. Multiple sensors placed along the air conduit 
to form a more robust system

5. CALCULATING THE DETECTOR 
 REQUIREMENTS

An equation is derived that relates the fractional reduction 
in intensity of IR light detected to the size of water drop-
let, the size of the sensor and the absorption coefficient of 
water at the IR wavelength. This aids in selection of the 
sensor based on the maximum allowable water quantity 
passing through the sensor. 

            ∆I/Io = (4/3)*(µR3/S2)                                      (1)

Io is the intensity of IR light emanating from the IR LED 
(Light Emitting Diode), ∆I is the drop in intensity de-
tected at the photodiode, µ is the absorption coefficient of 
water at the IR wavelength, R is the maximum allowable 
radius of water droplet passing through and S is the di-
ameter of received light on the photodiode. The variables 
are illustrated in Fig. 6.

Figure 6. Illustration of detector radius and droplet 
radius

Assume the following:
µ = 10 m-1 (for IR source wavelength of 940 nm)
S = 0.01 m
R = 0.005 m

Plugging these numbers into Eq.1, the fractional drop in 
intensity, ∆I/Io obtained is 1.667%.

With the given requirement for droplet size detection, 
the pipe size and the IR source wavelength, the detector 
needs to detect a drop in intensity of 1.667% and higher 
which is also the minimum resolution required. This also 
means that the error in the detector must be less than half 
of this value, i.e. 0.833% of the nominal intensity value.

6. SIGNAL PROCESSING

This section describes how the output from the detector 
is processed and how a warning to ECWS is issued in the 
event of a fluid breach.

The output from the photodiode is first sent into the band-
pass filter, centred at an output frequency with a certain 
bandwidth. Signal noise is removed at the bandpass fil-
ter. It is then sent to the power amplifier, which makes it 
easier for the filtered signal to be further processed by 
increasing its power. The analog to digital converter then 
converts this analog signal to a digital signal so that it can 
be used in the microcontroller. The microcontroller then 
verifies if the signal current is less than current for nomi-
nal operation by a certain tolerance value. If the signal 
current is less than the nominal current by a certain value, 
corresponding to the minimum intensity drop calculated 
above, another signal is generated which is the warning 
signal. This warning signal goes to:
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1. The communication cap earpiece where the warn-
ing signal is converted to a sound of required char-
acteristics.

2. A light display on the Display and Control Module 
(DCM) on the EMU.

3. Space to Space Antenna where the signal is sent to 
the ISS crew and onward to the Mission Control 
Center.

This processing is done for each sensor output.

Figure 7. Block diagram for signal processing

7. OVERVIEW OF SYSTEM SPECIFICATIONS

The major components of the sensor system are the IR 
LED and the photodiode. 

7.1. Infrared LED

It can be seen in Fig. 8 that the absorption coefficient for 
water is higher in the near infrared region than in the vis-
ible region. This is preferable because higher degree of 
absorption leads to a greater drop in intensity measured 
at the detector and makes it possible to detect smaller 
droplets with greater accuracy. The wavelength of the 
light used in Eq. 1 falls in this region.

Figure 8. Liquid water absorption spectrum [3]

7.2. Photodiode

The photodiode chosen needs to work in the bandwidth 
of the IR LED described above. This is shown in Fig. 9 
which corresponds to a wavelength of 940 nm used in 
Eq. 1. The output frequency of the sensor is 30 kHz [4]. 
The output signal must be filtered for frequencies around 
the output frequency with necessary bandwidth in order 
to remove noise. As such, noise due to ambient light is 
expected to be negligible due to the fact that this system 
is inside the Space Suit Assembly and the detector only 
receives light from the IR source.

Figure 9. Relative spectral sensitivity vs wavelength of 
the photodiode [4]

7.3. Overall weight and power requirements

A total number of five sensor systems is assumed to be 
required in the EMU considering the total length of the 
air conduits and the possible water intrusion points. A 
sensor system includes: the IR LED, photodiode, band-
pass filter, power amplifier, analog to digital converter 
and microcontroller. The total power requirement for the 
five systems is estimated to be less than 600 mW, the total 
mass less than 700 g, volume for IR LED and photodiode 
10 cm3 and volume of the remaining components 60 cm3.

8. CALIBRATION OF THE SENSOR SYSTEM

As mentioned, the sensor system shall be calibrated for 
a nominal operation, taking into account the absorptive 
coefficient of the transparent pipe, the full range of air 
flow rates and the directivity effects. Another factor that 
should be taken into account in calibrating the sensor is 
the moisture present in the nominal air flow. 
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A substantial amount of moisture may be present as a 
result of the breathing process and perspiration from the 
crew member (due to strenuous activity). This moisture 
present in the air conduits needs to be accounted for 
while measuring the presence of leaked water. Not doing 
so would lead to an over estimation of the leaked water 
presence and generate a faulty warning. The calibration 
of the sensors for nominal operation must hence take 
into account the full range of moisture presence as well, 
which dictates the limit on water permissible in the air 
lines. Optimally, the sensors upstream of water separator 
may have a higher tolerance for water and sensors down-
stream, a lower tolerance. 

Further tests need to be carried out in order to determine 
if the calibration of the sensor is sufficient to account for 
this presence of moisture. Design changes may be made 
accordingly.

9. TEST PROGRAM

The capability and proof of concept shall first be done on 
ground using the sensor system as detailed in the preced-
ing sections. Due to the presence of gravity, the water 
would not take a spherical form. To counter this problem, 
a spherical thin hollow glass shell (of known absorption 
coefficient) can be filled with water and introduced into 
the sensor system. The response of the sensor can be ob-
served and the sensor can be validated. This operation is 
shown in Fig. 10. Once the sensor has been demonstrated 
on the ground, it can then be flown to the ISS for the 
system qualification. 

Figure 10. Illustration of testing the sensor system on 
ground

If the sensor system concept clears all other qualification 
tests (as the case may be for each electronic component 
as per the necessary guidelines) and is to be installed on 
the existing EMU’s, during the checkout of an EMU pri-
or to launching it to the ISS, the sensors shall undergo the 
ground testing and calibration (for each sensor to follow 
the same requirement for maximum allowable intensity 
drop) described above. The installation of the sensor sys-
tem on the suits will require replacing the existing ven-
tilation line with several smaller ones in order to accom-

modate the sensors and joined by pneumatic fittings, as 
shown in Fig. 3.

10. OTHER APPLICATIONS OF THIS SENSOR 
 CONCEPT

The concept discussed in this paper can be extended to 
other applications as well. One example is to use a spec-
trometer (in place of the photodiode) and a light source 
of applicable wavelength(s) in order to detect the pres-
ence of certain gases or liquids like Carbon Dioxide. This 
would detect the presence of these molecules by analys-
ing their absorption spectrum. A similar approach to de-
tect water, fluids or gases can be used in fluid lines which 
form part of the Environmental Control and Life Support 
Systems of a manned spacecraft or space station.

11. SUMMARY

A high risk operation like the EVA needs the safest pos-
sible systems. The sensor concept detailed in this paper 
acts as a safety feature that detects the presence of leaked 
water in air lines in an Extravehicular Activity space suit, 
preventing the failure mode from being catastrophic. 
This design accomplishes that goal at very little addi-
tional cost, weight and lead time. 
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