
44th International Conference on Environmental Systems ICES-2014-018 
13-17 July 2014, Tucson, Arizona 

CFD Modeling of Water Mist Portable Fire Extinguisher 
Discharge Characteristics in the International Space Station 

Chang H. Son1  
The Boeing Company, Houston, TX, 77059, United States 

Nikolay G. Ivanov2 and Evgueni M. Smirnov3 
St. Petersburg State Polytechnic University, 195251, Russia 

and 

Denis S. Telnov 4 
New Technologies and Services, St. Petersburg, 197198, Russia 

The goal of the study is to analyze the operation of the Water Mist (WM) Portable Fire 
Extinguisher (PFE) in a module of the International Space Station (ISS). The WM PFE that 
will complement the carbon dioxide PFE is under development now. To prove the effective 
and safety WM PFE operation it is necessary to evaluate the water vapor distribution in the 
ISS cabin environment during and after the WM PFE discharge. The computations have 
been performed with the ANSYS FLUENT commercial CFD software on the basis of the 3D 
Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach. The 3D computational 
model included the U.S. Laboratory, Node 1 and Node 2 aisle way, while the presence of 
other modules was taken into account using a lumped-parameter model. The Eulerian 
multiphase model was used that allows for the modeling of multiple separate, but interacting 
phases. For the given discharge scenario, water vapour concentration and air temperature 
spatial/temporal variations are examined. 

I. Introduction 
IRE safety is a key issue for space exploration missions. On-orbit fire events are considered as serious threats 
even though they have a very low probability of occurrence. The prescribed response to a fire event detected by 

crew senses or a smoke detector is through the steps of isolation, local power shutoff, and airflow cessation. For the 
International Space Station (ISS), upon a verified alarm software will shut down cabin ventilation within the 
affected module and remove local electrical power at the fire location within 30 seconds1. These actions have been 
adequate to combat all US fire situations2. However, spacecrafts have always been equipped with fire extinguishers 
control of fires3. 

The ISS Fire Detection and Suppression System (FDS) includes Portable Fire Extinguishers (PFEs) though there 
is no centralized, fixed system. The Russian segments of the ISS have water-based foam extinguishers. In the non-
Russian modules of the ISS PFEs charged with carbon dioxide are used. In general two manually activated PFEs are 
located in each ISS module. The carbon dioxide PFE discharge process was numerically simulated previously using 
the Computational Fluid Dynamics (CFD) technology4. 

NASA researchers have suggested that water mist technology offers advantages that merit consideration for use 
in future manned spacecraft5. The term “water mist” implies a very fine water spray with droplet sizes much smaller 
(less than 100 microns) than those found in rain and sprinkler systems. It has been reported that there are advantages 
of water mist in a microgravity environment6. There exists a prototype water mist extinguisher that meets the 
anticipated size and volume requirements, is compatible with microgravity and partial gravity operation and 
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effective at suppressing a range of fires7. With new firefighting technology development it is necessary to perform 
numerous tests. Standard test development in evaluating fire extinguisher performance against elevated oxygen fires 
in spacecraft is described in Ref. 8,9. An overview of the ISS fire test standards and the design of the Water Mist 
(WM) PFE is given in Ref 10, the testing that has been conducted with the engineering development unit is 
summarized in the paper as well10. There are still many questions about the detailed behavior of water mist as a fire 
suppressant. For example, it is necessary to study the origin and lifetime of pockets with high water vapor content in 
the ISS modules dangerous for electronic equipment. 

The goal of the study is to analyze the operation of the WM PFE in a module of the International Space Station 
(ISS). Special attention is paid to the Intermodule Ventilation (IMV) air exchange between the modules. Numerical 
modeling has been performed with the CFD technique using the ANSYS FLUENT 14.0 CFD software.11 

II. Computational Model 

A. PFE discharge model 
The WM PFE consists of two main subassemblies: a nozzle assembly and a tank assembly. The tank assembly 

consists of a metal bellows that contains about 2.7 kg (6.0 lbs) of water and 0.5 kg (1.2 lbs) of nitrogen pressurized 
to approximately 1270 psia. After WM PFE activation the pressurized water and nitrogen are mixed in the venturi 
and discharged through the nozzle tip. The flow through the nozzle was not computed in the current modeling, and 
the uniform velocity boundary condition was set at the nozzle outlet section using the following assumptions. 

The PFE water mass flow rate evolution during the discharge process is based on the experimental data, the 
correspondent curve is given in Fig. 1,a. The water liquid flow rate shown in Fig. 1,a is the total water flow based on 
fitting of the water mass experimental points minus fire-generated water vapor mass flow estimated in the present 
study (see Section C for details), these values determine the inlet liquid water mass flow in the modeling. Time 
evolution of the water droplet velocities at the nozzle exit used as the boundary conditions for the CFD runs is 
shown in Fig. 1,b. The velocity values are based on the experimental data provided. As it is visible in Fig. 1, after 40 
seconds of PFE operation the water is discharged completely. 
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Figure 1. Data used to set the boundary conditions: (a) WM PFE water mass discharge curve (with the 
deduction of the mass of the evaporated water); (b) water liquid velocity at the nozzle exit. 
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Figure 2. Data used to set the boundary conditions (a) nitrogen mass discharge curve; (b) nitrogen velocity at 
the nozzle exit. 
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The PFE gas (nitrogen) mass discharge curve based on the experimental data is given in Fig. 2,a. The gas 
velocity at the nozzle exit used as the boundary conditions for the CFD runs is shown in Fig. 2,b. The velocity 
values are computed using the resolved sonic source approach12. The nitrogen discharge continues till approximately 
75 seconds from the start of the PFE operation. 

B. Cabin Aisle Way Geometry Model and Boundary Conditions 
The 3D geometry model prepared for the CFD study is illustrated in Fig. 3. The model includes the U.S. 

Laboratory, Node 1 and Node 2 aisle way without any internal equipment. The U.S. Laboratory cabin inlet and 
outlet boundaries are the same as used previously in ISS CFD modeling13, the ventilation flow rates during the 
nominal ventilation process are also the same as in Ref. 13. The U.S. Laboratory ventilation is switched off ten 
seconds before the WM PFE discharge starts, so that the inlet/outlet flow rates are set to zero, and the ventilation 
airflow is slowing down rapidly. Fig. 4 gives the initial air velocity distribution at the start of the PFE discharge. It is 
visible that the velocity level is less than 20 ft/min almost everywhere in the cabin, small region with air velocities 
of about 50 ft/min in the vicinity of the Node 1 hatch is due to Node 1 ventilation remains operating. During the 
discharge process all the inlet/outlet flow rates including the IMV boundaries are equal to zero.  

 

PFE nozzle

Control Surface used for vapor supply:
circle of 1 ft diameter;

Node 1

Node 2

U.S. Lab

Stbd

Port

Nadir

Zenith

Aft
Fwd

Stbd

Port

Nadir

Zenith

Aft
Fwd

 
Figure 3. Overview of the computational domain for the WM PFE discharge simulation. 
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Figure 4. U.S. Laboratory air velocity magnitude field at the instant 10 seconds after ventilation is off. This 
field was used as the initial condition at the start of the WM PFE discharge modeling. 
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Figure 5. Overview of the jet issued from the WM PFE nozzle: isosurfaces of 800, 1100, 1600 ft/min gas 
velocity; an instant of 10 seconds from the start of PFE discharge. 

 
The WM PFE nozzle end-section visible in Fig. 3 was assumed as the inlet section for the computational domain 

(with the uniform velocity profile at the section at each time step). The jet of nitrogen issued from the nozzle is 
shown in Fig. 5 for the instant of 10 seconds from the start of the WM PFE discharge. The circular surface of 1 ft 
diameter also shown in Fig. 3 was used as the inlet for water vapor supply. Red pointers visible in Fig. 5 show the 
direction of the vapor supply. The details of water vapor/liquid modeling are given below in Section C. 

The Node 2 cabin inlet and outlet boundaries are the same as used previously in ISS CFD modeling4, but some 
IMV diffusers are closed as the U.S. Laboratory IMV is off. The Node 2 common air supply diffusers are placed in 
the rack bay in corner pockets stretched in the longitudinal direction (in the aft-forward direction). The Node 2 port-
side cabin air supply diffusers are closed (consequently, the solid wall boundary condition is set on their surfaces). 
Each Node 2 starboard-side cabin air supply diffuser has a given total flow rate of 90 cfm that corresponds to the 
total supply flow rate of 180 cfm. This air is supplied (1) from Node 2 Common Cabin Air Assembly (CCAA) and 
(2) from the Japanese Pressurized Module (JPM) IMV system. The starboard-side supply diffusers direct the airflow 
towards the deck, and the flow from each diffuser is divided into two parts in the aft-forward direction, with the flow 
angles of 60° and –60° respectively. 

Each Node 2 linear diffuser that provides ventilation of the radial bay has a given total flow rate of 127.5 cfm 
that corresponds to the total supply flow rate of 255 cfm. The linear diffuser air is supplied from Node 2 CCAA and 
from the Columbus IMV ducting system. 

The Node 2 return grille is placed in the rack bay, at the deck. The velocity inlet boundary condition is set for the 
return grille (an outlet for the flow domain analyzed), with the flow rate of 165 cfm. The air collected by the return 
grille goes to Node 2 Cabin Ventilation Fan and then returns back to cabin through diffusers. 

Two IMV Node 2 diffusers are open: an outlet to Columbus, and an outlet to JPM. Each IMV diffuser flow rate 
is equal to 135 cfm. The velocity inlet boundary condition is set for the active IMV boundaries (outlets for the flow 
domain analyzed). Other IMV diffusers are assumed to be closed in the current Node 2 ventilation configuration. 

The hatch from Node 2 to the U.S. Laboratory is open, but the total flow rate through this hatch is assumed to be 
zero. Other hatches are assumed to be closed in the current Node 2 ventilation configuration. 

The Node 1 cabin inlet and outlet boundaries are the same as used previously in ISS CFD modeling14, but as well 
some IMV diffusers are closed as the U.S. Laboratory IMV is off. The port cabin air supply diffusers are closed. The 
starboard cabin air supply diffusers are open, with the total flow rate of 40 cfm (20 cfm each). Each linear diffuser 
has a given total flow rate of 110 cfm that corresponds to the total supply flow rate of 220 cfm. The total flow rate 
leaving the Node 1 module through the deck return grille is 265 cfm. The flow rate leaving the Node 1 interior 
through the starboard hatch to the Airlock is 100 cfm. As well, 105 cfm of IMV air return to PMM through the nadir 
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hatch. The Node 1/U.S. Laboratory hatch is treated as an interior surface (the balanced flow rate through this hatch 
is equal to zero before the start of the WM PFE discharge). 

The no-slip boundary condition is imposed on all of the solid U.S. Laboratory, Node 1 and Node 2 surfaces.  
The air mixture is modeled as an incompressible ideal gas. The physical properties were as follows: dynamic 

viscosity of µ = 1.72×10-5 kg/m⋅s, the thermal conductivity of λ = 0.0454 W/m⋅K, and the mass diffusivity of 
µ = 2.88×10-5 m2/s. 

C. Multiphase Problem Formulation 
The Eulerian multiphase model is used for air/water transport simulation. This model allows for computation of 

flow with multiple separate, yet interacting phases. In the model an Eulerian treatment is used for each phase 
(air/water). The gas phase (air) is treated as a mixture of three components (nitrogen, oxygen, and water vapor). The 
inlet boundary conditions for the mixture have been set by means of a specialized ANSYS FLUENT User Defined 
Function (UDF)11 that defines the inlet nitrogen and water liquid boundary conditions on the nozzle surface using 
mass flow values shown in Fig. 1, 2. The nitrogen/water mixture temperature of 22 C (71.6 F) is assumed at the 
nozzle surface. The diameter of the nozzle exit is 11.7 mm (0.46 inch). 

Uniform water droplet diameter of 3.5×10-5 m is assumed. The drag coefficient law by Schiller and Naumann 
was used for droplets (it is the default drag law in ANSYS FLUENT11). 
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Figure 6. Water vapor boundary condition set at the wall control surface: (a) fire heat release rate; (b) water 
vapor mass flow rate; (c) water vapor velocity at the wall control surface. 

 
The air/vapor heating is modeled, but the evaporation/condensation processes were not considered directly in the 

multiphase model. A simplified evaporation model was used instead. It was assumed that the fire heat release rate is 
decreased linearly during the discharge process as shown in Fig 6,a. Consequently, the fire is extinguished 
completely when the discharge process is finished. The water vapor production was computed based on the heat 
release rate assuming that all the fire-generated heat is spent on the vaporization.  

The water vapor flow rate produced by the fire-generated heat is given in Fig. 6,b. Consequently, the total water 
flow given as the input experimental data was divided into two parts: the “liquid” flow rate, that was set at the 
nozzle surface (see Fig. 1,a), and the “vapor” flow rate that was injected to the cabin from the wall, at the circular 
control surface discussed above (see Fig. 3). In the problem formulation, this vapor flow rate was deducted from the 
total water mass flow measured in the test discharge process. The main simplification of the computational model 
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used is that in the real fire extinguishing process all the liquid is supplied from the nozzle and only after it reaches 
the fire source the vaporization starts. The simplified assumption used in the modeling presented reduced the real 
liquid jet flow rate: the liquid jet flow reduction is about 10%. 

The fire-generated vapor mass flow rate determines the vapor velocity at the circular surface at each instant, see 
Fig. 6,c. The water vapor temperature of 100 C (212 F) was assumed. The vapor supply process is illustrated by red 
pointers in Fig. 5. 

The transient multiphase problem with prescribed uniform initial partial pressure of water vapor was computed. 

D. Computational Aspects and Turbulence Modeling 
The computational grids generated for the CFD modeling of the WM PFE discharge are fully unstructured with 

tetrahedral mesh elements. The tetrahedral grid for each separate module was created using the GAMBIT 2.4.6 
generator.15 Each grid is clustered to the solid walls and to the diffusers. The grid for the U.S. Laboratory is 
clustered to the PFE nozzle location and to the region of the discharged jet expansion as well. The grid for Node 1 
consists of 3.1 million tetrahedral cells, the grid for Node 2 – of 4.2 million tetrahedral cells, and for the U.S. 
Laboratory – of 7.1 million tetrahedral cells. 

The FLUENT solver, being face-based, supports polyhedral cells.11 The advantages that polyhedral meshes have 
shown over some of the tetrahedral or hybrid meshes is the lower overall cell count, almost 3-6 times lower for 
unstructured meshes than the original cell count, keeping the same spatial accuracy. 

Conversion of the initial tetrahedral grid to polyhedral one was performed in FLUENT, see Ref. 11 for details. 
The clustering of the grids to the walls and to the diffusers was kept during the conversion procedure. The final 
polyhedral grid for the coupled geometry model of all three modules together consisted of 2.8 million polyhedral 
cells. 

The Reynolds-Averaged Navier-Stokes (URANS) approach was employed. The RANS-based modeling 
approach greatly reduces the required computational effort and resources as compared with the time-consuming 
Large Eddy Simulation, and is widely adopted for practical engineering applications. For the ISS ventilation case, a 
comparison of the Columbus experimental data with the results of 3D steady-state RANS computations as well as 
with the accurate Large Eddy Simulation computations prove that RANS modeling is quite accurate regarding to air 
ventilation velocity field.16 

The realizable k-ε model17, with the standard wall functions18, was used for computations. The wall distance of a 
cell centre adjacent to a solid wall measured in wall units, yp

+, ranged from 20 to 100 over the majority of the solid 
walls. The inlet turbulence intensity was taken as 10% for all the diffusers while the inlet ratio of the turbulent to 
molecular viscosity, νtur/ν, was varied from diffuser to diffuser to ensure that the inlet-jet effective Reynolds 
numbers, Reeff = VinLs/(ν+νtur), are within the range from 200 to 300. Here Vin is the inlet velocity value, and Ls is 
the inlet length scale (the diffuser width). 

The unsteady formulation was used. The governing equations for conservation of mass, momentum, and 
turbulence characteristics were solved using the unsteady segregated pressure-based solver.11  

The Phase Coupled SIMPLE pressure-velocity coupling scheme was used. The least squares cell based gradient 
computation option was activated. The second-order upwind spatial discretization scheme was used for the 
momentum, the volume fraction, the k-ε model, and the phase transport governing equations. The under-relaxation 
factor of 0.3 was set for pressure, while for momentum the under-relaxation factor was 0.7, and for turbulent kinetic 
energy and dissipation rate the under-relaxation factors were 0.8. The second order implicit transient formulation 
was used. The time step was varied. Over the initial 20 steps after the start of the WM PFE discharge the extremely 
small time step of 0.005 s was used to resolve rapid changes in the airflow. Then the time step was increased 
gradually up to the value of 0.1 seconds. 

For numerical simulation acceleration, parallel computations were performed using eight processes of a LINUX-
based cluster. 

III. Results and Discussion  

A. Analysis of Airflow 
The nitrogen/water jet formed in the U.S.Laboratory cabin due to the WM PFE discharge is illustrated in Fig. 7 

where velocity magnitude plots are given for four successive instants. The velocity magnitude patterns are plotted at 
two cross-sections cutting the nozzle surface. The jet impingement with the U.S. Laboratory starboard wall surface 
is visible. The jet impingement process results in global circulation also visible in Fig. 7. Note that the U.S. 
Laboratory airflow circulation is determined by the nitrogen/water jet action as the U.S. Laboratory ventilation air 
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velocities are reduced significantly during the ten-second preliminary stage of non-operating ventilation (see Fig. 4). 
The velocity level is decreased with time as the discharge flow rate becomes lower (compare, e.g., Fig. 7,a and 
Fig. 7,d). Remarkably that though the jet visible in Fig. 5 is symmetrical, the global circulation is not symmetrical 
due to flow instability. At each time instant presented higher velocities are obtained in the aft region of the cabin, 
while velocities in the forward part of the cabin are relatively lower.  

V, ft/min
(a)

(b)

(c)

(d)

 
Figure 7. U.S. Laboratory air velocity magnitude fields at two sections cutting the nozzle surface at instants of 
(a) 5, (b) 10, (c) 20, (d) 30 seconds from the start of the WM PFE discharge. 

 

B. Analysis of oxygen and nitrogen concentration 
The nitrogen concentration plots at the same four successive time instants during the WM PFE discharge are 

shown in Fig. 8. The non-symmetrical concentration plots correspond to non-symmetrical flow patterns shown in 
Fig. 7. The nitrogen concentration level becomes lower though additional mass of nitrogen is discharged because the 
concentration of water vapor grows faster. Zones rich with water vapor are located in the vicinity of the starboard 
rack surface: nitrogen concentration there is less than 74% (blue patterns in Fig. 8).  

The oxygen concentration plots at the same four successive time instants are shown in Fig. 9. The local oxygen 
concentration values near the fire location are less than 18% (blue patterns in Fig. 9). It is visible also that due to the 
U.S. Laboratory airflow circulation the zones with low oxygen content, lower than 20%, are formed not only in the 
vicinity of the starboard side of the U.S. Laboratory rack surface, but in the internal cabin regions as well. 
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Figure 8. U.S. Laboratory nitrogen volume fraction fields at horizontal mid-section at instants of (a) 5, (b) 10, 
(c) 20, (d) 30 seconds from the start of the WM PFE discharge. 
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Figure 9. U.S. Laboratory oxygen volume fraction fields at horizontal mid-section at instants of (a) 5, (b) 10, 
(c) 20, (d) 30 seconds from the start of the WM PFE discharge. 

 
 

C. Water Vapor and Temperature Distribution 
The temperature plots at four successive time instants during the WM PFE discharge (5, 10, 20, and 30 seconds) 

are shown in Fig. 10. The water vapor concentration plots at the same time instants are shown in Fig. 11. It is 
evident that the nitrogen/water jet impingement process visible in Fig. 7 results in rapid water vapor redistribution 
all over the cabin and even to penetration of air rich in water vapor to the neighboring Node 1 and Node 2 modules. 
Due to U.S. Laboratory airflow circulation the zones with vapor concentration higher than 5% are formed not only 
in the vicinity of the starboard side of the U.S. Laboratory rack surface, but in the internal cabin regions as well. 
These regions are relatively hot, with temperature higher than 105 F after the period of 30 seconds from the start of 
the WM PFE discharge. 

The temperature and water vapor concentration plots at the starboard U.S. Laboratory rack surface are shown in 
Fig. 12 for the last instant of 30 seconds. Note that the white circle in Fig. 12,b is the surface where water vapor inlet 
boundary condition is set. High water vapor content detected at the rack surface could be dangerous for electronic 
equipment located in the module. 

After the PFE discharge finishes, the volume-averaged nitrogen and water vapor values will start to decrease 
very slowly. Indeed, after nitrogen and water from PFE is discharged completely, a slow process of diffusive 
reduction of water/nitrogen content in the U.S. Laboratory starts that could last for a long period if the ventilation is 
switched off. Another mechanism of water vapor content reduction could be condensation in the cooled air, however 
this process is not considered in the current modeling that covers only short period of the PFE discharge.  

T, F (a)

(b)

(c)

(d)

 
Figure 10. Air temperature at horizontal mid-section at instants of (a) 5, (b) 10, (c) 20, (d) 30 seconds from the 
start of the WM PFE discharge. 
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Figure 11. Water vapor volume fraction at horizontal mid-section at instants of (a) 5, (b) 10, (c) 20, (d) 30 
seconds from the start of the WM PFE discharge. 
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Figure 12. (a) Temperature and (b) water vapor volume fraction at the starboard wall surface at the instant 
of 30 seconds from the start of the WM PFE discharge. 

 

IV. Conclusion 
WM PFE discharge process in the U.S.Laboratory module was numerically simulated using the CFD technology. 

For the given discharge scenario, water vapour concentration and air temperature spatial/temporal variations are 
examined. A detailed analysis of the water vapor content in the cabin aisle way of the U.S.Laboratory during and 
after WM PFE discharge was performed.  

It was shown that after several seconds from the start of the WM PFE discharge the water vapor concentration is 
higher than 5% in the most regions of the U.S.Laboratory cabin. Air temperature is higher than 105 F in most of the 
module volume. Hot wet air with high water vapor concentration penetrates to neighboring Node 1 and Node 2 
through the open hatches. After the water release is finished, the water vapor concentration in the U.S. Laboratory 
will remain high due to intra and inter module ventilation system are off. High water vapor content in the ISS 
modules could be potentially dangerous for electronic equipment located in the module. 
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