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The goal of the study is to analyze the airflow and oxygen transport in the regenerative 

International Space Station (ISS) Environmental Control and Life Support System (ECLSS) 

rack in case of the Oxygen Generation System (OGS) operation. The rack was proposed to 

be a location of new equipment that makes difficulties for air circulation. To review on rack 

internal airflow structure and oxygen transport, a detailed three-dimensional (3D) 

Computational Fluid Dynamics (CFD) analysis for ventilation characteristics in the ISS 

ECLSS rack has been developed. For various ventilation flow rate conditions, air velocity 

fields and oxygen concentration distributions were numerically predicted on the basis of the 

3D Reynolds-Averaged Navier-Stokes (RANS) approach using ANSYS Fluent software. A 

sensitivity analysis of the influence of oxygen leak rate and Avionics Air Assembly 

ventilation system performance on oxygen content within the rack is presented. The 

computational data obtained could serve as the basis for verification of the rack equipment 

arrangement and operation. 

I. Introduction 

HE International Space Station (ISS) Environmental Control and Life Support System (ECLSS) is a life support 

system that provides or controls atmospheric pressure, fire detection and suppression, oxygen levels, waste 

management and water supply. The Oxygen Generating System (OGS) is a component of ECLSS designed to 

electrolyze water from the Water Recovery System to produce oxygen and hydrogen.
1
 The OGS placed in a 

regenerative ISS ECLSS rack includes the Oxygen Generation Assembly (OGA), the Power Supply Module (PSM) 

that supports the OGA, and the Sabatier Carbon Dioxide Reduction Assembly (CRA). The initial layout of the 

assembly in the rack is given in Ref. 2. The further status of the ISS regenerative ECLSS racks development is 

described in Ref. 3-4, with respect to waste water received from the Carbon Dioxide Reduction System. The 

papers
3,4

 contain the plots of the regenerative ECLSS racks with the equipment installed. The OGS equipment 

allocation should provide sufficient cooling by air circulated within the rack and delivered from the cabin.  

Currently, design and development of the ISS air ventilation are mostly based on application of the lumped-

parameter approach. However, it is often useful to apply advanced Computational Fluid Dynamics (CFD) 

techniques for design of ECLSS. For instance, with respect to crew comfort, detailed three-dimensional (3D) data on 

airflow, including information on stagnation and high-velocity zones, can be generated solely with CFD models.
5
 

CFD models produce more detailed information concerning the air quality, such as velocity gradients within and 

between the ISS modules, and mixing characteristics. Gradient analysis is especially important for off-nominal and 
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other contingency operation on orbit that might occur in the ISS flights.
6
 CFD analysis is notably helpful in case of 

partial blockage of the module interior that could result in stagnant zones formation.
7
  

To get information on internal airflow structure of the cluttered ECLSS rack, a detailed 3D CFD analysis for 

ventilation characteristics has been performed and the data were presented at the previous ICES.
8
 For the nominal 

ventilation flow rate considered, it was found that intensive air jets from the avionics equipment exhausts form 

sufficient air circulation throughout the rack volume. The data presented in Ref. 8 allowed concluding that there is 

no considerable risk of stagnant zones formation within the rack, so that air circulation is able to provide sufficient 

cooling of the rack equipment. However, this conclusion was drawn based on the velocity field analysis, and for the 

nominal flow rate only. The goal of the current study is to find out the oxygen content distribution in the OGS rack 

in case of O2 leakage that could occur during the OGS operation. Several ventilation flow rate and O2 leak rate 

values are considered to evaluate conditions of hazardous bubble formation where O2 concentration excesses 

flammable limits. 

II. Computational Model 

A. Geometry Model and Boundary Conditions 

The geometry model adopted for the CFD analysis of the rack ventilation system performance is shown in Fig. 1. 

The geometry model includes OGA, PSM and CRA equipment with some simplifications. The rack volume except 

all hardware equipment, i.e. the volume of the airflow zone, or the computational domain, is 1.09 m
3
 (that 

corresponds to 38.6 ft
3
). 
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Figure 1. Geometry model overview: (a) a view from the front panel; (b) a view from the back panel. The 

arrows and numbers denote the rack airflow inlets/outlets. The oxygen leakage location is marked as “C”. 

 

The inlet and outlet surfaces of the computational domain are shown in Fig. 1. Air is supplied to the rack interior 

through four rectangular Avionics Air Assembly (AAA) exhausts being in fact inlets for the computational domain. 

These inlets are marked as red openings #1 in Fig. 1b. Air is delivered to the AAA compartment from three 

openings located inside the rack. First, CRA gathers rack air through circular opening #2 and small circular opening 

#3, air collected via openings #2 and #3 is delivered to AAA via a duct (these two openings are in fact outlets for the 

computational domain). Opening #4 – AAA inlet – also collects rack air (this opening is also an outlet for the 
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computational domain). In addition to internal rack air, AAA assembly collects some cabin air using the duct that is 

connected to the cabin panel covering the rack (the end of the duct – a circular opening – is visible in Fig. 1a at the 

front panel of the rack near opening #4).  

The rack is not hermetically sealed and loosely have gaps, so that there is some air exchange with the cabin. 

Cabin air supplied to AAA from the cabin through a duct displaces air leaving the rack through the gaps. To take 

into account the back rack-to-cabin air exchange through the gaps distributed over the rack surface, four additional 

openings were introduced into the computational model, and relatively low returning flow rate is equally distributed 

over them. These openings (#5a, 5b, 5c and 5d in Fig. 1a) are located at the bottom surface of the rack to provide as 

small impact on the main rack airflow as possible.  

Three cases with various values of ventilation flow rate were considered. In Case 1 the AAA flow rate was equal 

to 55.3 cfm that is the same value that was adopted previously in Ref. 8. For Cases 2 and 3 the AAA flow rate values 

were reduced up to 37 cfm and 30 cfm correspondingly. The flow rate values assumed at inlets and outlets of the 

computational domain are given in Table 1. 

 

Table 1. List of cases computed: flow rate conditions; the flow rate values are given in cfm. 

 

Opening Case 1 Case 2 Case 3 

AAA exhausts (Rack inlets) #1 55.3 37.0 30.0 

CRA opening #2 17.0 11.3 9.2 

CRA opening #3 4.4 3.0 2.4 

AAA inlet (Rack outlet) #4 25.0 16.7 13.6 

Openings #5 (air leakage model) 8.9 6.0 4.8 

 

The air is modeled as an incompressible fluid. The properties of the fluid are as follows: density of 

ρ = 0.0765 lbm/ft
3
, and dynamic viscosity of µ = 1.202×10

-5
 lbm/ft⋅s. 

The O2 leakage is simulated using the point source approach. The point mass source marked with “C” in Fig. 1a 

models a leakage from a pipe of the OGA equipment. The pipe system is not included into the geometry model, so 

that the source hangs in the rack airflow zone. The distance from the source location to the side rack boundary is 

xc = 6 inches, while the distance to the front rack panel is yc = 5 inches. The source is at a short distance from the 

equipment surface, the distance to the wall is zc = 1 inch. The source is set not at one cell of the computational mesh, 

but it is distributed over several neighboring cells of the computational mesh to avoid too high local gradients. 

The oxygen leak rate value of 0.466 lbm/hr has been adopted for the computations with various ventilation flow 

rate (Cases 1, 2, and 3). As well, a study of the oxygen leak rate value influence on the O2 distribution over the rack 

volume was performed, and three additional cases were computed, Cases 3-b, 3-c, and 3-d, with three reduced O2 

source values used, see Table 2. The lowest AAA ventilation flow rate case is chosen for this study as less mixture 

corresponds to more hazardous scenario. 

 

Table 2. List of oxygen leak rate values adopted for the reduced ventilation flow rate (Case 3). 

 

 Case 3-a Case 3-b Case 3-c Case 3-d 

O2 mass source, lbm/hr 0.466 0.065 0.0346 0.02381 

 

The inlet oxygen concentration boundary condition at the AAA exhausts #1 was set by means of a specialized 

ANSYS Fluent User Defined Function (UDF). The UDF defines the inlet O2 concentration boundary conditions at 

the diffuser surfaces using O2 concentration values averaged over the outlet sections #2, #3, and #4. The UDF also 

takes into account the cabin air supplied through the duct, the cabin oxygen volume fraction is assumed to be equal 

to 0.21 (21%), so that possible increase in the cabin oxygen content due to rack air leakage is not taken into account. 

Some details of the model for contaminant (carbon dioxide) transport in the ISS cabin based on the same technology 

of simulation can be found in Ref. 9. 
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B. Computational Aspects and Turbulence Modeling 

The computational grid generated for the CFD modeling is fully unstructured with tetrahedral mesh elements. 

The tetrahedral grid of more than 9.7 million nodes was created using the Gambit 2.4.6 generator.
10

 The grid is 

clustered to the solid walls and to the ventilation diffusers. 

The computations have been performed with the ANSYS Fluent 15 CFD software.
11

 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 3-5 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 consisted of about 2.0 million cells. 

The Reynolds-Averaged Navier-Stokes (RANS) 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 (LES), and is widely adopted for practical engineering applications. For the ISS ventilation case, a 

comparison of the available Columbus module experimental data with the results of 3D steady-state RANS 

computations as well as with the accurate LES computations prove that RANS modeling is quite accurate regarding 

to air ventilation velocity field.
12 

The realizable k-ε model
13

, with the standard wall functions
14

, was used for computations. The wall distance of a 

cell center 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 set to ensure that the inlet-jet effective Reynolds number, Reeff = VinLs/(ν+νtur), is 

within the range from 200 to 300. Here Vin is the inlet velocity value, and Ls is the inlet length scale (the diffuser 

width). 

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

based cluster. 

III. Rack Air Velocity Distribution 

Fig. 2 illustrates the global air circulation computed for three different ventilation flow rates. The flow patterns 

composed of the pathlines issued from the AAA openings #1 demonstrate qualitatively the ventilation air 

propagation over the rack airflow zone. The plots of pathlines colored with the velocity magnitude give also an 

impression on the velocity values. For all three cases considered, ventilation scheme adopted provides good 

ventilation in the lower region of the rack, where the avionics equipment exhaust jets form intensive air circulation. 

However, most pathlines do not penetrate to the upper region of the rack where the CRA equipment is located, and a 

few pathlines spreading there are colored with blue that corresponds to relatively low velocity magnitude values, 

less than 10 ft/min.  

To estimate the rack ventilation characteristics quantitatively, velocity fields at several plane cuts are compared 

in Fig. 3, 4, 5, 6, 7, and 8 for three ventilation flow rates considered. Fig. 2d shows the positions of the 

corresponding plane cuts extracted from the computational domain. The previous ICES paper
8
 contains detailed 

flow visualization at all the cross-sections for Case 1 (AAA flow rate of 55.3 cfm). In the current paper we limit the 

amount of plots and perform comparison for several sections only, the sections selected cover the region where an 

oxygen leakage could occur. 

As it is visible from the plots prepared using the reduced velocity legend upper limit of 7 ft/min, the velocity 

level in the lower region of the rack compartment is relatively high and will provide sufficient mixing and 

equipment cooling. The intensive jets from the AAA openings #1 spread to the rack interior and interact with the 

neighboring equipment.  

On the contrary, ventilation in the upper region of the rack compartment is worse as only two openings are 

located there, and both of them are outlets, with relatively small impact on the flow. Really, the effect of openings 

#2 and #3 on the airflow visible in the pathline plots in Fig. 2 is local though the flow rate collected with the opening 

#2 is relatively high, more than 30% of the total flow rate. On the whole, as it is visible from Fig. 3 – 8, velocity 

values detected in the upper region of the rack are mostly in the region of 3 to 5 ft/min that is sufficient with respect 

to the avionics cooling requirements.
8
 However, this low velocity region might be a concern if an oxygen leakage 

occurs there. To evaluate the mixing capabilities of the rack ventilation system, oxygen transport problem has been 

computed additionally. 

 



 

International Conference on Environmental Systems 
 

 

5 

V, ft/min

(a) (b)

 

X6
X5

X4
X3

X2
X1

Z1

Z2

Z3

Z4

Z5

Y1
Y3 Y2

Y4

V, ft/min

(c) (d)

 
Figure 2. Airflow pathlines issued from the rack AAA exhausts for (a) Case 1 – nominal AAA flow rate of 

55.3 cfm, (b) Case 2 – reduced AAA flow rate of 37 cfm, (c) Case 3 – reduced AAA flow rate of 30 cfm; (d) 

plane slices used for velocity and oxygen concentration postprocessing. 
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Figure 3. Velocity magnitude plots at cross-section X1 computed for (a) Case 1, (b) Case 2, (c) Case 3. 
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Figure 4. Velocity magnitude plots at cross-section X2 computed for (a) Case 1, (b) Case 2, (c) Case 3. 
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Figure 5. Velocity magnitude plots at cross-section X3 computed for (a) Case 1, (b) Case 2, (c) Case 3. 
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Figure 6. Velocity magnitude plots at cross-section Y1 computed for (a) Case 1, (b) Case 2, (c) Case 3. 
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Figure 7. Velocity magnitude plots at cross-section Y2 computed for (a) Case 1, (b) Case 2, (c) Case 3. 
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Figure 8. Velocity magnitude plots at cross-section Z3 computed for (a) Case 1, (b) Case 2, (c) Case 3. 

 

 

 



 

International Conference on Environmental Systems 
 

 

8 

IV. Oxygen Transport Modeling 

To analyze the effect of the oxygen leakage on the rack atmosphere, the O2 volume fraction fields computed for 

six cases considered are compared and discussed in the current section. The O2 volume fraction distributions at three 

planes cutting the rack cabin are given in Fig. 9, 10, and 11. Figures illustrate the oxygen content patterns at the 

plane slices X1, X2, and Y2 (see Fig. 2d) as these slices are close to the oxygen source location and illustrate high-

O2-content zones in the best manner. The upper limit of the legend range chosen is equal to 28.5% of oxygen that 

corresponds to the rack flammability limit. 

The computational data presented in the figures illustrate formation of a pronounced oxygen bubble in the upper 

region of the rack for the oxygen leak rate of 0.466 lbm/hr (top rows in Fig. 9, 10, and 11). This leak rate is the 

highest value among considered, and air mixture in the rack is not enough to reduce the oxygen content near the 

oxygen source. The bubble detected in Cases 1, 2, and 3-a with different AAA ventilation flow rates is slightly 

smaller in case of higher flow rate value (Case 1, e.g. Fig. 9a), but the effect of the flow rate increase is relatively 

weak.  
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Oxygen
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Figure 9. Oxygen concentration plots at cross-section X1 computed for (a) Case 1, (b) Case 2, (c) Case 3-a, 

(d) Case 3-b, (e) Case 3-c, (f) Case 3-d. 
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Figure 10. Oxygen concentration plots at cross-section X2 computed for (a) Case 1, (b) Case 2, (c) Case 3-a, 

(d) Case 3-b, (e) Case 3-c, (f) Case 3-d. 

 

Weak influence of the AAA ventilation flow rate (in the range considered) on the bubble volume corresponds to 

the conclusion from Section III: intensification of the airflow in the bottom part of the rack does not change the 

situation in the low-velocity upper region. The only way to intensify the airflow in the upper part of the rack is to 

install an additional fan there. 

The oxygen leak rate value of 0.466 lbm/hr considered in Cases 1, 2, and 3-a corresponds to a very high leakage 

due to failure of the OGS seals at the H2 sensor. Based on a credible OGS leak scenario that leads to an oxygen leak 

rate one order less, about 10
-2

-10
-1

 lbm/hr, reduced O2 source values from this range are adopted in Cases 3-b, 3-c, 

and 3-d; for all three cases low AAA ventilation flow rate is considered as the worst scenario. Bottom rows of 

Fig. 9, 10, and 11 demonstrate oxygen concentration fields for the reduced O2 leak rate. The computational data 

presented in the figures demonstrate that for the oxygen leak rate of the order of 10
-2

 lbm/hr the bubble filled with 

high-oxygen-content air tends to be very small, and the oxygen concentration in the most part of the rack volume 

does not exceed the rack flammability limit.  
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Figure 11. Oxygen concentration plots at cross-section Y2 computed for (a) Case 1, (b) Case 2, (c) Case 3-a, 

(d) Case 3-b, (e) Case 3-c, (f) Case 3-d. 

 

 

 

Table 3. Volume of bubbles filled with high-oxygen-concentration air. 

 

Opening Case 1 Case 2 Case 3-a Case 3-b Case 3-c Case 3-d 

Volume of bubble filled with air 

at O2 content more than 24.1%, ft
3
 

1.046 2.603 4.114 0.111 0.0374 0.0229 

Volume of bubble filled with air 

at O2 content more than 28.5%, ft
3
 

0.444 0.702 0.908 0.0273 0.0107 0.0053 
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Figure 12. Isosurfaces of O2 volume fraction computed for (a) Case 1, (b) Case 2, (c) Case 3-a, (d) Case 3-b, 

(e) Case 3-c, (f) Case 3-d; blue surface – O2 volume fraction of 24.1% (shown for Cases 1, 2, and 3-a only), 

green surface – O2 volume fraction of 28.5%.  

 

Fig. 12 shows isosurfaces of oxygen concentration for all six cases considered. Large high-oxygen-content 

bubbles spread to the rack internal equipment and to the side wall when high oxygen leak rate value of 0.466 lbm/hr 

is set, Cases 1, 2, and 3-a, see the upper row in Fig. 12. For these cases with high O2 leakage rate two isosurfaces 

corresponding to the rack (28.5%) and cabin (24.1%) flammability limits are shown. 

For a credible low-leak-rate of the order of 10
-2

 lbm/hr (Cases 3-b, 3-c, and 3-d) the bubble filled with high-

oxygen-content air is much smaller. These relatively small bubbles shown in the lower row of Fig. 12 are located 

inside the ventilated volume being attached to internal equipment only (see also Fig. 9d). For these cases with low 

O2 leakage rate the 28.5% isosurface is inside the 24.1% isosurface completely, and the latter is not shown to 

provide better layout of the plots.  

On the whole, it could be concluded that the baseline rack ventilation is enough to provide safe rack atmosphere 

conditions for a credible oxygen leak rate of the order of 10
-2

 lbm/hr. 
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Figure 13. Volume of bubble filled with air at O2 content more than 28.5% versus oxygen leak rate; the plot 

illustrates data computed for low ventilation flow (Cases 3-a,b,c,d). 

 

Table 3 contains quantitative information on the potentially hazardous bubbles filled with high-oxygen-

concentration air exceeding the rack and cabin flammability limits (the data on the volume of bubble filled with air 

at O2 content more than 24.1% correspond to the cabin flammability limit excess). For the high oxygen leak rate of 

0.466 lbm/hr the volume of the bubble filled with air at O2 content more than 28.5% is in the range of 0.4–0.9 ft
3
 

depending on the ventilation flow rate. For the oxygen leak rate of the order of 10
-2

 lbm/hr the volume of the bubble 

is in the range of 0.005–0.03 ft
3
. The data containing in Table 3 are presented graphically in Fig. 13 (the plot for the 

rack flammability limit of 28.5% oxygen content is shown only). It is visible that for the oxygen leak rate values less 

than 0.1 lbm/hr, the volume within the isosurface of 28.5% oxygen volume fraction is less than 0.05 ft
3
. 

 

V. Conclusion 

The ventilation characteristics for the ISS avionics rack were numerically predicted using the CFD software 

ANSYS Fluent 15. For three values of the rack Avionics Air Assembly ventilation flow rate, the airflow patterns in 

the rack interior were computed to provide a detailed analysis of air velocity patterns and oxygen concentration 

distribution. 

It was found that intensive air jets from the avionics equipment exhausts form global air circulation throughout 

the rack volume. The data computed showed that velocity values in the lower part of the rack are mostly higher than 

7 ft/min and there is no considerable risk of stagnant zones formation in this region. Velocity values detected in the 

upper region of the rack are relatively low, mostly in the range of 3 to 5 ft/min, that is sufficient with respect to the 

avionics cooling requirements. 

Oxygen transport study performed for four various values of the oxygen leak rate resulted in a conclusion that 

there is a slim possibility of potentially hazardous bubbles formation. These bubbles filled with high-oxygen-

concentration air exceeding the flammability limits could form in the upper part of the rack for a very high oxygen 

leak rate of the order of 10
-1

 lbm/hr. For the oxygen leak rate of the order of 10
-2

 lbm/hr, which is a credible leak 

rate, the bubble filled with high-oxygen-content air is much smaller, with the volume less than 0.05 ft
3
. The main 

conclusion is that the baseline rack ventilation seems to be enough to provide safe rack atmosphere conditions for a 

credible oxygen leak rate of the order of 10
-2

 lbm/hr. 
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