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Abstract 9 

Effective decontam ination is crucial if an airliner cabin is contam inated by bio logical 10 
contaminants, such as in fectious disease viruses or inten tionally released biological agents. This 11 
study used com putational fluid dynam ics (CFD ) m ethod as a tool and vaporized hydrogen 12 
peroxide (VHP) as an exem plary decontaminant and Geobacillus stearothermophilus spores as a 13 
simulant contam inant to investigate three VHP delivery m ethods for sterilizing two different  14 
airliner cab ins. The CFD f irst de termined the airflow and  the tran sient dis tributions of  the 15 
contaminant and decon taminant in cabins. Aux iliary equations were implem ented into the CFD 16 
model for evaluating efficacy of the steriliz ation pro cess. The improved CFD m odel was 17 
validated by the measured airflow and simulated contaminant distributions obtained from a cabin 18 
mockup and the m easured efficacy data from  the literature. The th ree d econtaminant delivery  19 
methods were (1) to supply the mixed VHP and air through the environmental control system of a 20 
cabin, (2) to send m ixed VHP and air through a f ront door and to extract th em from a back door 21 
of a cabin, and (3) to send direct ly VHP to a cabin and  enhance the mixing with air in  the cabin 22 
by fans. The two air cabins studie d were a sing le-aisle and a twin-a isle airliner one. The results 23 
show that the second decontam inant deliver y m ethod (displacem ent m ethod) was the best 24 
because the VHP distributions in the cabin s we re m ost uniform , the sterilization tim e was  25 
moderate, and the corrosion risk was low. The m ethod displaced the existing air by the 26 
air/disinfectant solution, rather than dispersive mixing as the other two methods. 27 
 28 
1. Introduction 29 

When an airliner cabin is contam inated by biological contaminants, such infectious disease 30 
viruses or intentionally released biological agents, it needs to be quickly decontaminated before it 31 
can be retu rned in to s ervice. Ef fective decont amination can reduce the risk of infection for 32 
passengers and crew m embers to be boarde d. To reduce the possible flight delay and 33 
cancellation, efficient decontam ination is cruc ial if all the aircraft should be routinely 34 
decontaminated during an infectious  disease outbreak. It is therefore important to develop viabl e 35 
decontamination methods that are effective in killing the viruses or biological agents, easy to use, 36 
fast in decontam ination process, and safe fo r retu rning the aircraft to serv ice after th e 37 
decontamination.  38 

There are a range of decontam ination m ethods being used in enclosed spaces for both 39 
military and civil app lications. Many use lights  for disinfection, such as photocatalysis [3, 22], 40 
ultraviolet light [4, 10, 12] and X-rays [12]. Som e liquid chem ical agents are also used as 41 
decontaminants, such as  L-Gel f or chemical and biological warfare agents in m ilitary use [12], 42 
and alcohol [12], phenol [12] , and hydrogen peroxide (H 2O2) [12] in civil applications. Although 43 
liquid hydrogen peroxide is popular for disinfecting a wide range of organisms [1], it is relatively 44 
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new to use vaporized hydrogen peroxide (VHP) as  a gaseous decontaminant [6]. The disinfection 1 
capacity of VHP has been under investigation for various applications like freeze dryer [7], 2 
ultracentrifuge [8], dental in struments [13], biol ogical safety cabinets [ 17], and roo ms [17], etc. 3 
Compared with other gas decontam inants, e.g., formaldehyde and ethylene oxide, the VHP is a  4 
less toxic and safer alternative to release in the air in occupied spaces [2]. The final product of 5 
VHP a fter decontam ination process is oxygen and water. If used properly, the VHP is  6 
environmental friendly. Thereby, VHP has a great potential for decontam ination in enclosed 7 
surfaces and human occupied environments. 8 

VHP for aircraft cab in decontam ination has  been investigated by both experim ental and 9 
numerical methods. Shaffstall et al. [16] conduc ted a study of the decontam ination performance 10 
of the VHP in a  sec tion of  airc raft cabin  a nd concluded that their VHP delivery  system  was 11 
working. Shaffstall et al. also bu ilt a Computational Fluid Dynamics (CFD) model for this cabin 12 
section and validated the model by the experimental data. However, they did not explore different 13 
decontaminant delivery m ethods for various airl iner cabins. This study would further study the 14 
problem by using three VHP delivery m ethods to decontaminate two dif ferent cabins aim ing to 15 
develop an optimal method.  16 
 17 
2. Methods 18 
2.1 Numerical method 19 
 20 
In order to find an optimal decontamination method, this study used the CFD technique based on 21 
the Reynolds averaged Navier-Stokes (RANS ) equations with the Renorm alize Group k- (RNG 22 
k-model to calculate the distributions of air velocity and species concentrations. The governing 23 
transport equations can be expressed in the following form:  24 

  j ,eff
j j j

U S
t x x x 

    
          

               (1) 25 

where  represents Reynolds averaged variables, U the mean velocity, t the time, x the coordinate, 26 
,eff the effectiv e diffusion coefficient, and S  the source term. The Reynolds averaged 27 

variables for the present study includes three velocity components Uj, turbulence kinetic energy k 28 
and its dissipation rate , and contaminant and decontaminant concentrations C. Equation (1) also 29 
represents the mass conservation when  equals unit.  30 

The CFD can calcu late the distrib utions of ai r veloc ity a nd species  concentratio ns in 31 
different air cabins. It is essential to im plement decontamination process into the CFD so that the 32 
model can be used to identify an optimal decontamination method. Typically decontam ination 33 
process consists of three phase s: dehum idification, ste rilization, and aeration. A detailed 34 
description of each phase can be referred to [2 ]. The objectiv es of the dehum idification an d 35 
aeration are relatively easy to reach . The main focus of this inves tigation was on the sterilization  36 
to determ ine efficacy of the sterilization pro cess. During sterilization,  the VHP concentration  37 
should be higher than 80-100 ppm to be eff ective but lower than 2000 ppm  [5] to avoid 38 
condensation in the cab in because condensed h ydrogen peroxide is h ighly toxic an d can cause 39 
avionics corrosion. Ideally, the VHP concentration should be between 100 and 1000 ppm.  40 

In orde r to enable  the  C FD to  calculate th e tim e-dependent distributions of infectious  41 
disease viruses or biological agents and the efficacy of the steriliz ation process, this study simply 42 
assumed the viruses or agents were an airborn e contaminant. If the infectious dis ease viruses or 43 
biological agents are generated from coughing, sneezing, talking and breathing of a human being, 44 
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the assumption is app ropriate [11]. Reference [11]  shows that settling tim e for different size of 1 
droplets from human beings. I t is true that very large droplets are not airborne and will settle on 2 
surfaces, w hich would  not b e inc luded in th e st udy. Addition al aux iliary equations m ust be 3 
implemented into the CFD to correlate the VHP concentration and the contaminant concentration.  4 

The VHP was naturally decom posed and cons umed during the decontam ination process. 5 
The reduction rate was considered  by the  half -life time the  VHP. The half -life time, subject to  6 
exponential decay, is the  time required for the VHP qua ntity to decay to half of its initial value . 7 
The time dependent VHP concentrat ion C at location i and tim e     can be calculated by the 8 
following equation: 9 

 , ( , ) 2


  



    HC i C i                  (2) 10 

where t  is the tim e step and H is the half-life tim e. Thom as [18] conducted VHP 11 
decontamination exp eriments in airlin er cabin s, and identif ied th e ha lf lif e tim e H  to be  3 0 12 
minutes, which was used for this study. 13 

The survival concentration of infectious dise ase viruses or biological  agents (contaminant 14 
concentration), N, was calculated by: 15 

   10 10log , log ,        N i A N i                    (3) 16 
where i is the location,  is current time,  is time step. A is the sterilization rate calculated from:  17 

1
60




A
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                           (4) 18 

The D value in the equation refers to  decimal reduction time, the time required at a certain 19 
temperature to kill 90% of the organism s. This study used the D-value obtained by Thom as [18] 20 
from the m easurement data of th e VHP against Geobacillus stearothermophilus spores at 30 ºC 21 
as shown in Figure 1. The spor es used by Thom as were on tr i-pack stainless steel coupons. 22 
Rogers et al. [ 14] com pared gaseo us H P inactiva tion of  B . subtilis,  B . anthracis, and G . 23 
stearothermophils on a variety of surfaces and found that g enerally G.  stearo thermophilus was 24 
more resistant than the other organism s. Th erefore, this inv estigation selec ted G . 25 
stearothermophilus. 26 
 27 

 28 
FIG 1. The D-value at 30ºC on Geobacillus stearothermophilus spores [18]. 29 

 30 
The D-value can be calculated accordingly as: 31 

10 1 2log   D D C D                  (5) 32 
where C is the local concentration of VHP, in ppm, D1 = 1149.4, and D2 =1.954. 33 
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With those auxiliary equations, the CFD model can be used to calculate the efficacy of the 1 
sterilization process fo r identifying optim al decontam ination m ethod through the flow chart 2 
shown in Figure 2.  3 
 4 

 5 
FIG. 2. The flow chart of the sterilization process in the numerical simulation. 6 

 7 
2.2 Experimental method 8 
The experimental data for validating the CFD m odel was obtained in a twin-aisle cabin m ockup 9 
of a commercial airplane with four rows and 28 seats. Figure 3 shows the schem atic and 10 
measurement setup inside the cabin mockup. The in terior dimensions of the cabin at floor level 11 
were 4.9 m  (X) × 4.32 m (Y). W hile the heights of the ceiling varied, the highest ceiling was 12 
2.1 m from the floor. T he diffusers on the center of the ceiling discharg ed supply air into bot h 13 
sides of the cabin with an angle about 30-60 degree downwards from  the ceiling. The exhaust 14 
outlets were at the botto m of the two side walls above the fl oor. Several auxiliary fans of 18” × 15 
18” can be operated when needed to help im prove the air m ixing in the longitudinal direction, 16 
because the airflow in the d irection was norm ally m inimal. The to tal airflow rate of from  the 17 
Environmental Control Sy stem (ECS) w as 0.23 m 3/s. The airflow rate of each m ixing fan was  18 
0.44 m3/s. To sim ulate a decontaminant, such as VHP, a tracer gas (SF 6) source was  released at 19 
the center of the ceiling  with a vo lumetric generation rate of  5×10-6 m3/s with 1% SF6 solution 20 
in air. The tracer gas was released from  a sponge material so that it co mes out to the air at a 21 
negligible velocity around the sponge material.  22 

Is 
above 
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a)  

b) 
FIG. 3. (a) Sketch of the cabin mockup used in the experiment and CFD si mulations and (b) measuring 1 
positions for tracer gas concentrations. 2 

 3 
The measurements were conducted in both cros s sectional and longitudinal directions of 4 

the cabin mockup as shown in Figure 3(b). Th e study used two sets of Kaijo Ultrasonic 5 
Anemometer (DA-650) with TR-92T probes to  m easure the air velocity. The TR-92T 6 
anemometer probe had a 3 cm  span size. The s mall span size m inimizes the m easurement error 7 
caused by volume averaging. The accuracy of the anemometers was 0.005 m/s with ±1% error for 8 
velocity components. An INNOVA 1312 photo-ac oustic multi-gas analyzer and an INNOVA 9 
1309 multi-channel sampler were used to measure and sample the SF6 concentrations. INNOVA 10 
The accuracy of the tracer-gas measurement is 0.1 ppb.  11 

Before taking data, the environm ental control system  for the cabin was operated for  12 
around 48 hours to en sure a stable airflow and temperature distribu tion. Althou gh accurate 13 
measurements of the bo undary con dition near the air supp ly in let were very cruc ial for CFD 14 
simulations, the u ltrasonic anemometers were n ot suitab le. The lin ear d iffusers had  a width  of 15 
only 2.5 c m, which was  s maller than the sensor span size of the ultraso nic anem ometer. This 16 
investigation used 16 om ni-directional hot-sp here anem ometers to obtain air velocity at five 17 
different heights close to th e diffusers. The 16 hot-sphere anemometers were grouped and 18 
attached to a m ovable frame. The fram e was adju stable both horizontally and vertically. A total 19 
of 560 points were measured along the two air supply diffusers on the cabin ceiling. Note that the 20 
omni-directional anemometers cannot measure air direction. The airflow direction at the diffusers 21 
was visualized by a sm oke tester  and the corresponding je t angles of air supply were recorded. 22 
The corresponding jet angles of air supply were estimated in both cross sectional and longitudinal 23 
directions. Zhang et al. [21] provided detailed information about the experimental measurements. 24 
The boundary conditions at the auxi liary fans were also measured by the ultrasonic anemometers 25 
at 16 points in front of each fan.  26 

Since only two anem ometers were availabl e, they were m oved m anually from one 27 
location to another in the cabin in  order to measure the air velocity distributio ns. At each 28 
location, th e anem ometer m easured the air veloc ity f or a t lea st f our minutes at a m easuring 29 
frequency of 20 Hz (about 4800 readings). W hen an anemometer was m oved from one location 30 
to another, the system  was stabilized for about 10 minutes so to avoid r ecording the disturbance 31 
caused by moving the sensor. Our experiment shows that it took  30 m inutes for the system  to 32 
become steady after the tracer-gas was injected . Our tracer-gas m easurements took about 30 33 
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seconds to  sam ple the air. For each  location, ten m easurements were repeated. The calcu lated 1 
standard deviation was less than 10% of the m ean value at most locations except those close to 2 
the tracer-gas source with the highest standard deviation of 30% of the mean value.  3 
 4 
2.3 Validation of the numerical method 5 
The CFD with RNG k-  m odel has been very popular in modeling airflow and contam inant 6 
transport in various indoor ai rflows [15, 19, 20]. However, this does not gua rantee the RNG k- 7 
model is valid for the cabin environ ment due to its unique flow characteristics, su ch as highly  8 
curved shape, dense furniture, and highly turbulen t a irflow. Since the a uxiliary equations used 9 
approximations, it is  es sential to f urther va lidate the  CFD model f or its ability to  determine 10 
correctly d econtamination efficacy. Due to th e practical constraints in obtaining suitable 11 
experimental data for the validation,  this study used two sets of data: one for validating the CFD 12 
model and the other for validating the efficacy of the sterilization process. 13 

Figure 4 shows the comparison of simulated and measured velocity fields with or without 14 
the mixing fans in operation. For the case without  mixing fans (Figure 4( a)), the m ain airflow 15 
pattern was roughly two dim ensional. The num erical model could capture the airflow pattern in 16 
the cross s ectional pla ne with re markable dif ferences. The m odel well predicted the m ain 17 
circulation on the right, but was less accurate on the left. Since the largest eddy (main circulation) 18 
was driven by the air supply jet, th e discrepancies could lik ely come from inaccurate boundary 19 
conditions specified at the left supply diffuser.  The boundary conditions of air supply jets were  20 
crucial in predicting airflow field inside the cabin, since the air jets were the strongest momentum 21 
sources in this case. 22 

When the fans were switched on,  they generated the highest m omentum sources in the  23 
cabin. Figure 4(b) shows the simulated flow pattern in a horizontal plane across the auxiliary fans. 24 
The numerical results reasonably agreed with experimental data indicating that the f an boundary 25 
conditions were accurately specified.  26 

  27 

 
 
 
 
 
 
(a) (b) 
FIG. 4. C omparison of calculated air velocity with experimental data (bold  arrows for expe rimental data 28 
and thin arrows for CFD results) (a) Without fans, cross section between 2nd and 3rd row and (b) With fans, 29 
horizontal plane across the center of mixing fans 30 

 31 
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The calculated and measured tracer-gas concentrations were compared in Figure 5. Due to 1 
the lim ited space available in th is paper, only the resu lts f or the case with the m ixing fans is 2 
shown in the figure. The results for the case without the mixing fans were similar. The agreement 3 
between the calculation  and m easurement is reasona ble. T he relative errors at most position s 4 
were sm aller than 10-15%, although som e larger  discrepancies existed in the upper part of 5 
position 3. The tracer-gas concentration was very uniform due to the well-mixed airflow.  6 
 7 

FIG. 5. Comparison of th e calculated and measured tracer-gas concentration in selected positions in the  8 
cabin (symbols for the measurements and lines for the calculation). Z is the height from the cabin floor. 9 
 10 

The com parison between the calculated and m easured data above shows differences in 11 
some positions. Neither the experim ents nor the numerical sim ulations were free from  errors.  12 
Considering the application of the CFD model for searching an optimal decontamination method, 13 
it is sufficient to capture the main feature of the airflow and tracer-gas concentration distributions 14 
in the cabin mockup.  15 

In addition to the airflow and tracer-gas validation of the CFD program by using the 16 
experimental data obtained by us above, this study further validated the CFD program  for it s 17 
ability to determ ine the efficacy  of the sterilization proces s by using th e following data from 18 
Shaffstall et al. [16]. Shaffstall et al. used bi ological indicators to ev aluate the s terilization 19 
efficacy by VHP in a section of a Boeing 747-1 00 aircraft fuselage in the Aircraft Environmental 20 
Research Facility at the Federal Aviation Ad ministration’s Civil Aeros pace Medical Institu te. 21 
The cabin segm ent was  9.75 m  long w ith a volum e of approxim ately 140 m 3 without seats as 22 
shown in Figure 6. The test section was separa ted from the  rest of the cabin by two bulkheads 23 
built sp ecifically for th e tes t. Tape  and plas tic sheeting were used th roughout th e cabin to 24 
minimize VHP leakage during the testing.  25 
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 1 
FIG. 6. Photograph showing the air cabin section used [16]. 2 

 3 
Their test introduced VHP into the cabin se ction using four VHP generators (STERIS 4 

VHP 1000), located outside of the test area. The ge nerators were completely self-contained bio-5 
decontamination systems with the ability to de humidify, generate vaporized hydrogen peroxide, 6 
and aerate sealed en closures. Th e inlets and outle ts of  the genera tors passed into the cab in 7 
segment through openings in the bulkheads as show n in Figure 7. The decontam ination efficacy 8 
was measured through the use of bi ological indicator coupons. Figure 7 also  shows the indicator 9 
locations labeled from 1 through 39 in 15 positions . Each position has  two or three indica tors 10 
hanged in different heights. Th e biological indicators were tr i-pack stainless steel coupons 11 
inoculated with approximately 104, 105, and 10 6 CFU (Col ony Forming Units) with Geobacillus 12 
stearothermophilus spores packaged in sub-divided Tyvek® envelopes (Apex Laboratories, Inc.).  13 
 14 
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 1 
FIG. 7. Cabin section showing locations of the biological indicators, VHP supply inlets, and fans. 2 

 3 
Several sets of experimental da ta were available, but th is investigation used only one of 4 

them. In this test, the environm ental contro l system  was off. The STERIS Model 1000 VHP 5 
generators had the capability to  recirculate air from  the test section of the cabin and this 6 
recirculation feature was evaluated in the test. Four oscillating fans were used to assist in the air 7 
mixing. The oscilla ting fans in the measurem ent were modeled as box fans with a fi xed flowing 8 
direction in the sim ulation model. Each fan was running with an airflow rate of 0.9 m 3/s during 9 
the test. 10 

Table 1 shows the results from  the biological indicators. A reading of small than 104 may 11 
indicate a four-log biological reduction, while a reading of greater than 106 indicates a six-log kill 12 
of the Geobacillus stearothermophilus spor es w ithin the pa rticular biological indicator.  13 
Intermediate levels of biological reduction were reported based on the coupon showing no growth, 14 
where grow th was seen on the next higher-lev el coupon. Lim ited by the accuracy of the 15 
indicators, the tested results on ly gave a range of the reduced amount of the contam inant. This  16 
table also shows a good ag reement of the killed Geobacillus stearothermophilus spores by VHP 17 
calculated w ith tha t te sted in m ost of  the pos itions. Thus the com parison shows that the CFD 18 
method is capable to determine the efficacy of the sterilization process. 19 

 20 
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TABLE 1. Comparison of the calculated and tested results of the reduced Geobacillus stearothermophilus 1 
spores in the 39 biological indicator positions. 2 

Position Calculated Tested  Position Calculated Tested  
1 9.09×10 5 >10 6 21  9.09×105 105 
2 9.09 *105 10 5 22  9.09×105 105 
3 9.09×105 105 23  9.09×105 105 
4 1.45×105 105 24  9.09×105 105 
5 5.45×105 105 25  9.09×105 105 
6 7.27×105 105 26  9.09×105 105 
7 7.27×105 105 27  9.09×105 105 
8 7.27×105 105 28  1.64×105 105 
9 9.09×105 105 29  5.45×105 >106 
10 1.82×105 105 30  1.27×105 105 
11 7.27×105 105 31  3.64×105 <104 
12 7.27×105 105 32  1.82×105 105 
13 9.09×105 105 33  7.27×105 105 
14 9.09×105 105 34  5.45×105 104 
15 9.09×105 105 35  1.27×105 105 
16 9.09×105 105 36  3.64×105 105 
17 9.09×105 105 37  9.09×105 105 
18 9.09×105 105 38  1.82×104 104 
19 9.09×105 105 39  5.45×105 105 
20 9.09×105 105    

 3 
The num ber of the surviving Geobacillus stearothermophilus spore s is  an im portant 4 

criterion for determining the efficacy of the sterilization process. The number should be evaluated 5 
spatially an d tem porally. The spatial evalua tion is to chec k if  the concentr ation o f inf ectious 6 
disease viru ses or bio logical agen ts falls b elow the required level in  an airliner cabin.  The 7 
temporal evaluation is to assess the time used for sterilization.  8 

The uniform ity of VHP is ano ther crucial pa rameter for evaluating the efficacy.  This is 9 
because, with a fixed amount of VHP in a cab in, a non-uniform distribution of VHP implies that  10 
the VHP concentration could be low in som e regions and high in other regi ons. As a resu lt, the 11 
decontamination efficiency could be reduced. If  the V HP concentr ation is too high  in som e 12 
regions, it will incre ase condensation risk. Th is investigation calculated the un iformity of VHP 13 
concentration by a statistical parameter: the coefficient of variation, ( )iCV t , as [9]: 14 

 2

1
( ) ( )1( )

( )

N

i ii
i

i

C t C t
CV t

NC t






               (6) 15 

where ( )iC t  is th e volum etric averaged  VHP  concentra tion at tim e = t, ( )iC t  is the VHP 16 
concentration at each sampling poin t at tim e = t, and N is the num ber of sa mpling points. Our 17 
calculation used the total grid cell number for the CFD as the N. 18 
 19 
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    First class Economy class 

3. Case Study 1 
 2 

This investigation used two di fferent airliner cabins as  shown in Figure 8 to find out an 3 
optimal decontaminant delivery m ethod. The single- aisle cabin had three ro ws of first class in 4 
front and 25 rows of econom y class. The twin-aisle airliner cabin had three rows of first class in 5 
front and 30 rows of economy class. The pitch was 0.965 m for the first class and 0.864 m for the 6 
economy class. The self -enclosed spaces, i.e., closet s, galleys and lavatories, were labeled by C, 7 
G and L, respectively. These self-enclosed spaces were not modeled in our calculations.  8 
 9 

 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
FIG 8. A single-aisle ca bin and a tw in-aisle cabin used to eva luate different decontam inant deliver y 19 
methods. The red squares were mixing fans and the a rrows indicated airflow directions. The black dots  20 
were the VHP delivery positions. 21 
 22 

This study compared three different decontaminant delivery methods for each of the cabin. 23 
The first method (case A) supplie d outside air at 10 L/s per seat  and VHP through the ECS. The  24 
VHP was premixed with the outdoor air before they were supplied into the cabin so that the VHP 25 
concentration at the inlets was uniform. The second method (case B) did not use the ECS. A front 26 
door and a back door of the cabin were used as air supply inlet a nd outlet, respectively. The total 27 
outdoor air supplied  to the front door was 10 L/ s per seat. Thus a displacem ent flow was 28 
developed along the longitudina l direction in the cabin. This method was to use the 29 
air/disinfectant solu tion to displace  the exis ting air in the cabin. The air and VHP were m ixed 30 
before injecting into the cabin through the fr ont door. The third m ethod (case C) delivered 31 
directly the decontaminant into th e cabins with the EC S on. In this c ase, the EC S supplied only 32 
100% outdoor air at 10 L/ s per seat. Many auxiliary fans were operated to enhance the m ixing of 33 
cabin air with the VHP. The black  dots in Figure 8 show the VHP delivery locations at a height 34 
near the EC S inlets, w hile th e red s quares and arrows show the position and direction of the  35 
mixing fans which are located on the ais les with the cen tral height 1  m. Please n ote th at the 36 
second (displacement) method was  different from  dispersive mixing as the other two m ethods. 37 
No recirculated air was used in Cases A and C and the ECS was completely shut down in Case B. 38 
Since the same ventilation rate w as used for all the three ca ses, the impact of different flow rate 39 
was eliminated. 40 
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The sam e VHP suppl y rate was used for th e twin-aisle and single-aisle cabins. The 1 
simulation s tarted w ith a stab le and  dehum idified airf low f ield. The  co ntaminant ( Geobacillus 2 
stearothermophilus spo res) concen tration was  5 106 #/m3. W hen the m ean contam inant 3 
concentration in the cabin was below 1000 #/m 3, the steriliz ation w as considered to b e 4 
completed. Of course, the num ber of the spores could vary from  c ase to case, the above 5 
assessment in fact used a three-log reduction as a criterion for disinfection. 6 

Figure 9 shows the uniformity of VHP concentration in the cabins. Case B (displacem ent 7 
delivery) had the most uniform decontaminant concentration distribution in both the cabins. Case 8 
C (delivery with mixing fans) had the least uniform distribution.  9 

 10 
(a) 11 

 12 
(b) 13 

FIG. 9. Uniformity of VHP concentration distributions in (a) single-aisle cabin and (b) twin-aisle cabin. 14 
 15 

The forem ost im portant criterion in  evaluati ng the ste rilization ef ficacy is the ra te of 16 
contaminant reduction. Figure 9 also shows the tim e needed to complete the sterilization. For the 17 
twin-aisle cabin, it took cases A, B, and C 10, 6.5 and 8.5 minutes, respec tively, to complete the 18 
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sterilization as shown in Figure 9(b). Case B ha d clearly the best efficacy a mong the three. For 1 
the single-aisle cabin, Figure 9(a)  shows that the sterilization pr ocess for cases A, B and C took 2 
8.3, 12 and 15 m inutes, respectively. The VHP di stribution in case A was least uniform but the  3 
decontamination tim e is  the shor test. C ase B had the m ost uniform  VHP distribution and 4 
moderate d econtamination tim e. C ase B  w as s till regarded as the best one because the non-5 
uniform distribution of VHP posed a high corrosion risk. 6 

To prove such a risk, Figure 10 depicts th e volume fraction with a VHP concentration 7 
exceeding 1000 ppm during the sterilization pro cess. Case C in the sin gle-aisle cabin had up  to 8 
4.3% of such volume fraction, because of the poor  mixing of the VHP with the outside air before 9 
supplied into the cabin. Thereby, case C in the si ngle-aisle cabin might not be safe even though it 10 
has the shortest sterilization process. That is wh y case B is regarded as the best one in both the 11 
cabins. Table 2 summarizes the performance of the three decontaminant delivery methods for the 12 
single-aisle and twin-aisle cabins.  13 

 14 
(a) 15 

 16 
(b) 17 

FIG. 10. Volume fraction with VHP concentration exceeding 1000ppm in (b) the single-aisle cabin and (b) 18 
the twin-aisle cabin. 19 
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TABLE 2. Summary of decontamination performance of three delivery methods 1 
 Decontaminant delivery method Sterilization 

speed 
Uniformity Corrosion risk 

Single-aisle 
Cabin 

Case A:  ECS delivery Slow Good Low 
Case B: Displacement delivery Medium Good Low 
Case C: Delivery with mixing fans Fast Poor Moderate  

Twin-aisle 
Cabin 

Case A: ECS delivery Slow Moderate Low 
Case B: Displacement delivery Fast Good Low 
Case C:  Delivery with mixing fans Medium  Poor Moderate 

 2 
4. Discussion 3 

 4 
This paper used a CFD tool to identify the best decontaminant method in an aircraft cabin. 5 

Compared with the traditiona l experim ental m ethod, the CF D has several advantages. For 6 
example, it can easily change a delivery m ethod. Should it be performed experim entally, the  7 
approach would be very expensive and tim e consuming. CFD can sim ulate a condition that m ay 8 
not easily be conducted in experiment, such as decontamination at a very high temperature and at 9 
a very low pressure. In addition, the numerical results are of great detail in a very fine resolution. 10 
Of course, CFD may not be accu rate due to th e approxim ations used. However, this can be 11 
remedy by validating the program with limited experimental data as shown in this paper. 12 

This study  m odeled co ntaminant c oncentrations in air.  Th e res idual c ontamination is 13 
likely to b e also on  su rfaces. Since the d elivery of disinf ectant to su rfaces by u sing VHP is 14 
through the air, the VHP concentration in cells adjacent to the surfaces would be a good indicator 15 
for disinf ection. Fu ture study  sho uld in clude absorp tion, desorp tion and depo sition of  the  16 
disinfectant to surfaces.  17 

It should be noted that the bi ological indicators used in  the experimental studies cited in 18 
this paper were tri-pack stainless stee l coupons inoculated with approxim ately 104, 105, and 10 6 19 
CFU wi th Geobacillus stearothermophilus sp ores pack aged in sub -divided Tyvek® envelopes.  20 
Rogers et al. [14] de monstrated that greater reduction i n numbe rs on ha rd rather than porous 21 
surfaces. Considering most of m aterial surface in an aircraft cabin is po rous or soft surfaces, the 22 
surface effect deserves further st udy. In order to play safe, the disinfection time should be longer 23 
in actual decontaminantion processes in a cabin. 24 

 25 
5. Conclusions 26 
 27 

This study proposed a CFD m ethod to stu dy sterilization process for air cabin 28 
decontamination. The m ethod was validated by usi ng the measured air velo city and tracer-gas 29 
concentration in a cabin mockup and the tested decontamination efficacy in another cabin section 30 
obtained from the literature. The efficacy was indicated by using Geobacillus stearothermophilus 31 
spores on  bio-ind icators. The calculated res ults agreed  reason ably w ith the tw o sets  of 32 
experimental data. Thus, the CFD method is a viab le tool to study decontam ination processes in 33 
airliner cabins.  34 

The validated CFD model was further used to in vestigate three VHP delivery methods in 35 
a single-aisle and a twin-aisle cabin. In order to identify an optimal delivery method, this study es 36 
the efficacy of steriliza tion process using the time to kill Geobacillus stearothermophilus spores, 37 
uniformity of the VHP concentration, and corrosion risk as evaluation criteria. The three methods 38 
were to delivery the VHP (1) through the ECS of  the cabins, (2) through a front door and a back 39 
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door of the cabins by creating  a displacement flow, and (3) in the cabins with many mixing fans. 1 
The second m ethod with the displacem ent flow wa s the best because the decontam ination time 2 
was moderate, the VHP distributions were most uniform, and the corrosion risk was low.  3 
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