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Abstract  

As most airplanes do not have HEPA filters for filtering outside air, particulate matter in the 
outdoor air can deposit on the environmental control systems (ECS) of the airplanes. The 
particles that accumulate on the various surfaces of the ECS components can affect their 
thermal performance and may lead to component failures. This study experimentally and 
numerically investigated the particle deposition on a heat exchanger and a turbocharger, which 
are key components of ECS with complex geometry. A test rig was built to obtain the 
monodisperse particle deposition fractions by measuring the particle concentration upstream 
and downstream of the components with the weighing method. The tested particles ranged from 
1 to 8 μm in diameter. Different Reynolds-averaged Navier-Stokes (RANS) models, together 
with a modified Lagrangian method, were used to predict the total particle deposition fractions 
in the tested components. The computed particle deposition was compared with the 
experimental data. The results showed that the RNG k-ε model with near-wall correction 
provided the most accurate prediction of the particle deposition fraction on the heat exchanger 
and turbocharger. The particle deposition fraction increased significantly with the particle size. 
CFD simulation provided detailed information about the particle deposition distribution inside 
the heat exchanger and turbocharger. The location and number of deposited particles depended 
mainly on the particle size and air velocity. This investigation identified a suitable tool for 
studying particle deposition in the ECS of commercial airplanes.  

Highlights 

 Experimental and numerical investigation of the particle deposition for different sizes in a 
plate-fin heat exchanger and a turbocharger. 

 The particle deposition fraction increased with particle size on the plate-fin heat exchanger 
and the turbocharger.  

 RNG k-ε model with near-wall correction provided the most accurate prediction of the 
particle deposition fraction on the heat exchanger and turbocharger. 

 A suitable tool was identified for studying particle deposition in the ECS of commercial 
airplanes. 

 The particle deposition distributions in the plate-fin heat exchanger and turbocharger were 
obtained with the CFD method to identify the location with highest fouling risk. 

Cao, Q., Xu, Q., Lin, C.-H., Wei, D., Deng, Z., and Chen, Q. 2019. “Study of particle deposition on 
the complex components of environmental control systems,” International Journal of Heat and Mass 
Transfer, 135: 1218-1232
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1. Introduction 
 

Commercial airplanes use environmental control systems (ECS) to provide conditioned 
outside air to the cabin for maintaining a suitable air pressure and temperature [1]. However, 
most of these airplanes do not have HEPA filters for filtering outside air [2]. Airborne 
particulate matter from or close to the ground at heavily polluted airports could deposit on the 
surfaces of ECS components such as heat exchangers, condensers, fans, turbochargers and ducts 
[3]. Because of heavy traffic in the air, the ground operation time for mid-size airplanes can be 
comparable to that in the air [4]. The particles that accumulate on the various surfaces of the 
ECS components can affect their thermal performance and lead to component failures [5,6]. 
For example, the accumulated particulate fouling on heat exchangers may increase air-side 
thermal resistance and pressure drop, resulting in a significant deterioration of long-term heat-
exchange performance [7,8]. Particle deposition may cause material wear on the fan blades of 
a turbine or compressor, degrading its aerodynamic performance [9]. The particle mass loading 
rate on an ECS component is a very important factor in its maintenance. Therefore, to assess 
the impact of particle accumulation on the ECS components, it is important to determine the 
particle deposition fraction. 
 

Although some studies [10-12] have investigated particle deposition on air-conditioning 
systems in buildings, few have been conducted on particle deposition on ECS components in 
an airplane. Cao et al. [3] experimentally investigated the overall particle deposition fraction in 
the ECS of different commercial airplanes and showed that as much as 90% of PM2.5 could 
deposit on the ECS when the outside air quality on the ground was poor. Liu et al. [13] modeled 
particle deposition fractions on different parts of the ECS for different particle sizes using a set 
of empirical equations. The complex components, such as heat exchangers and turbochargers, 
in the air-conditioning pack of the ECS were simplified to very simple geometries, with the 
result that they under-predicted the particle deposition fraction. Particulate matter is more likely 
to be deposited on ECS components with complex geometry. However, there was no detailed 
information about the sizes or numbers of particles deposited on different components of the 
ECS.  
 

The heat exchanger and air cycle machine are important parts of the air-conditioning pack in 
the ECS [14]. Compact cross-flow plate-fin heat exchangers are typically used in aircraft 
because of their high heat-exchange efficiency, small size and light weight [15]. In the air-
conditioning pack, primary and secondary heat exchangers, which are of similar structure, are 
used for cooling bleed air [16]. The air cycle machine consists of a centrifugal compressor 
driven by a centrifugal turbine on a common shaft [17]. The performance of these components 
obviously influences the cooling efficiency of the ECS. 
 

Our literature search identified few studies of particle deposition on these ECS components. 
For heat exchangers, most previous studies [18-20] have focused on particle deposition on the 
air side of the fin-and-tube heat exchangers typically used for HVAC systems in buildings, the 
geometric structures of which are different from the plate-fin heat exchangers used in ECS. 
Hosseini et al. [21,22] reported experimental and numerical data on the pressure drop caused 
by particle deposition in a compact heat exchanger. However, they conducted investigations on 
only five fin-channels rather than the whole heat exchanger. Since the header and distributor 
configuration of a compact heat exchanger always produces non-uniform flow distribution 
[23,24], the particle deposition on the whole heat exchanger would be different from that on 
the fin channels. For the air cycle machine, investigations have sought mainly to understand the 
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influence of particle fouling on the performance parameters of the tested component, such as 
mean flow coefficient and mean pressure-rise coefficient [25,26]. Few studies have addressed 
ways to determine the position of the deposited particles. Although several studies [27,28] 
investigated particle deposition on the blades of the air cycle machine, the results did not exactly 
represent the deposition in the whole component. It is therefore essential to study where and 
how many particles are deposited in the whole plate-fin heat exchanger and air cycle machine.  
 

Both experimental measurements and numerical simulations can be used to investigate 
particle deposition. Experimental measurements can provide accurate data for validation of the 
numerical results. Computational fluid dynamics (CFD) simulations can provide detailed 
information about airflow, particle deposition and movement in ECS components with complex 
geometries. In recent years, Lagrangian methods have become very popular for calculating 
indoor particle deposition [29-32]. These methods track the trajectory of each particle, together 
with the airflow distribution calculated by means of CFD. Therefore, an appropriate turbulence 
model that simulates the airflow distribution is the key to correctly predicting particle 
deposition. To reduce the requirement for computing resources, many studies [28, 33-36] have 
used two-equation RANS turbulence models with the Lagrangian method to study particle 
deposition on devices with complex geometries. In those studies, the renormalization group 
(RNG) k-ε model [37], the realizable k-ε model [38] and the shear stress transport (SST) k-ω 
model [39] were most popular. In addition, the airflows in the heat exchanger and turbocharger 
were characterized by high swirl dominated flows. The three turbulence models are reported to 
be suitable for simulating this type of flow. Therefore, this study chose the three turbulence 
models for comparison. Nevertheless, it is unclear which of the turbulence models with a 
Lagrangian method could provide the most accurate prediction of particle deposition on 
complex ECS components, such as the plate-fin heat exchanger and air cycle machine.  
 

Therefore, our study conducted both experimental and numerical studies of particle 
deposition on a plate-fin heat exchanger and an air cycle machine. The objective of this study 
was to identify the best turbulence model for use in CFD to predict the particle deposition. The 
simulated results were compared with the experimental data. The resulting numerical tool can 
be used to improve the design of ECS components for reduction of particle deposition or to 
determine when maintenance is needed. 
 
2. Research Method  
 

This section describes the rationale for selection of the ECS components; the process for 
measuring the particle deposition fraction on the ECS components; and the numerical procedure 
that was used for calculating the particle deposition on the ECS components.  
 
2.1 Selection of the tested components 
 

To identify the most valuable ECS components for investigation, it was essential to 
understand the working principle of the air-conditioning pack, which controls the air pressure 
and temperature in the aircraft cabin. As shown in Fig. 1, the air-conditioning pack of a 
commercial airplane consists of the following components: pack valve, heat exchangers, air 
cycle machine, water separator, low temperature limit (35°F) system, etc. The air-conditioning 
process is as follows [40]: A portion of the bleed air travels through the primary heat exchanger 
and is cooled by the ram air. Next, the cooled bleed air enters the compressor section of the air 
cycle machine, where the air is compressed to a higher pressure; the process also increases the 
air temperature. The hot compressed air then passes through a secondary heat exchanger for 
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additional cooling before it is expanded in the turbine section of the air cycle machine to cool 
the air further. These stages comprise a reversed Brayton cycle for cooling. Next, the water 
separator collects and removes the water condensed from the air before it mixes with the other 
portion of the bleed air in the mix chamber to form suitable pressure and temperature for 
delivery to the cabin. As can be seen in Fig. 1, the heat exchangers and air cycle machine are 
the key ECS components.  
 

 
Fig. 1. The working principle of the air-conditioning pack 
 

In addition, because of the complex geometry of the heat exchanger and air cycle machine, 
particles are more likely to deposit on these components. Therefore, this study selected the heat 
exchanger and air cycle machine for investigation of particle deposition. Since it is difficult to 
obtain components that are identical to those used in aircraft, we used a plate-fin heat exchanger 
and a turbocharger, as shown in Fig. 2. Although the experimentally studied components 
differed in size and weight from the heat exchangers and air cycle machine actually used in 
ECS, the studied components had the same working principles and structures.  
 

(a) (b) 
Fig. 2. (a) The heat exchanger and (b) the turbocharger selected for this study 
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2.2 Measurements of particle deposition on the heat exchanger and turbocharger 
 

In order to determine the particle deposition on the heat exchanger and turbocharger, a test 
rig was built to obtain the monodisperse particle deposition fractions of particles ranging from 
1 to 8 μm in diameter. Because of the narrow spaces and complex structures of the two 
components, this investigation measured the particle concentration upstream and downstream 
of the components with the weighing method. To provide an isothermal condition, the 
experiments were conducted in an air-conditioned laboratory, where the air temperature was 
controlled at about 20�. During the experiments, there were no heat sources in the test rig. Fig. 
3 shows a schematic and photographs of the test rig, which included a HEPA filter to filter 
particles in the incoming air, a particle generator (MAG 3000) that generated monodisperse 
particles of the desirable diameter, a mixing box to enhance the particle and air mixing, two 
sampling boxes in which particle concentrations were measured, the tested component (the heat 
exchanger or the turbocharger), and a centrifugal fan to control the flow rate through the 
component. The type of HEPA we chose in this study is GY-A-3-320×320×292-500. The 
category is A and the filter can remove at least 99.9% of particles 0.3 μm in diameter from the 
air passing through the filter. The particle generator released monodisperse particles made of 
DEHS (Di-Ethyl-Hexyl-Sebacat), with diameters ranging from 1 to 8 μm. This study used an 
aerodynamic particle sizer (APS from TSI Inc., Model 3320) to measure the particle size in the 
upstream sampling box. APS was only used to identify the size of particles generated by the 
particle generator. The only one of its kind available on the market, the TSI APS measures the 
aerodynamic size of particles from 0.5 to 20 μm.  It offers high size resolution, one-second 
sampling, and real-time size distributions. The individual particle deposition fraction was 
measured by a more accurate way of weighing method. The particle mass in the air was 
collected upstream and downstream of the tested component by isokinetic sampling of the air 
onto polytetrafluoroethylene filter paper. The reason for choosing this sampling filter is that it 
has hydrophobic characteristics, which can prevent the water vapor in the air in the 
experimental environment from affecting the experimental results. An electronic analytical 
balance (AND HM-202) with an accuracy of 0.01 mg was used to weigh the mass gain of the 
filter paper after sampling for one hour. A hot-sphere anemometer (AirDistSys5000) with a 
precision of 0.02 m/s was used to measure the air velocity before the sampling filter in the 
sampling box. The sampling flow rate can be calculated based on the measured air velocity. A 
flow rate controller (ALICAT) with a precision of ±0.01 L/min was used to control the flow 
rate through the sampling filter to achieve the isokinetic sampling. The flow rate through the 
test component was obtained by the tracer gas decay method. As shown in the literature [20, 
41, 42], one of the main factors in particle deposition is the air velocity. This investigation set 
the air velocity through the heat exchanger and turbocharger to be the same as that for the ECS. 
With the assumption of a B737-800 airplane with 164 seats, the inlet air velocities of the heat 
exchanger and turbocharger were 21.9 m/s and 47.2 m/s, respectively. The rotating speed of the 
turbocharger wheel was 3120 rpm. 
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(a) 

(b) 
Fig. 3. (a) Schematic and (b) photographs of the experimental rig 
 

The particle deposition fraction on the test component can be calculated by: 
 

1 1 ∆ /

∆ /
                (1) 

 
where Pdeposition is the particle deposition fraction on the test component; Cdownstream is the particle 
concentration downstream of the test component, g/m3; Cupstream is the particle concentration 
upstream of the test component, g/m3; Δmdownstream is the mass gain of the filter in the 
downstream sampling box, g; Δmupstream is the mass gain of the filter in the upstream sampling 
box, g; Gdownstream is the sampling volume flow rate in the downstream sampling box, m3/s; 
Gupstream is the sampling volume flow rate in the upstream sampling box, m3/s; and t is the 
sampling time, s. 
 

2.3 Numerical method  
 

This investigation used different Reynolds-averaged Navier-Stokes (RANS) models and a 
modified Lagrangian particle-tracking method to predict the total particle deposition fractions 
on the tested components. The computed results for particle deposition were then compared 
with the experimental data obtained in this study. Finally, the particle deposition distribution 
was analyzed in detail. 
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2.3.1 Brief description of the turbulence models 
 

This study assessed the ability of three commonly used two-equation RANS turbulence 
models, the RNG k-ε model, the realizable k-ε model and the SST k-ω model, to predict airflow 
in a plate-fin heat exchanger and a turbocharger. The RNG k-ε model calculates turbulence 
kinetic energy (k) and its dissipation rate (ε) by two independent transport equations. The model 
is isotropic but very stable. The realizable k-ε model proposed by Shih et al. [38] was intended 
to address the deficiencies of traditional k-ε models by adopting a new eddy-viscosity formula 
involving a variable Cμ originally proposed by Reynolds [43]. The model also uses a dissipation 
rate equation (ε) based on the dynamic equation of the mean-square vorticity fluctuation. The 
SST k-ω model calculates turbulence kinetic energy (k) and its specific dissipation rate (ω), 
again by two independent transport equations. The model applies the standard k-ω model in the 
near-wall region and the transformed k-ε model in the free shear region [40]. The transport 
equations of the turbulence models can be written in a general format as follows [44]: 
 

,                                          (2) 

 
where,  is a specific variable, ,  the coefficient of effective diffusion, and  the source 
term of the general equation. The corresponding parameters for the turbulence models used in 
this study are summarized in Table 1. 
 
Table 1 Summary of coefficients of Equation (2).  
Equation 
or model 

  ,   Constants 

Reynolds-
averaged 
variables 

Continuity 1 0   

Momentum uj  

 

 

Temperature T  ST  

RNG k-ε k    ,  , S

2  

,
 , 

/
, 

≡ / , 4.38,  
0.012, 1.0, 

1.3, 0.0845, ,

1.42, , 1.68 

  ε   

     
     
     
     
     
     

Realizable k-ε k    ,  , 

2  

,
 , 

0.43, , 

/ ,  

∗/
 , 

  ε  
√
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∗≡ ,   

 1.0, 1.2, ,
1.44, 1.9 

     

SST k-ω k   
1

1/ ∗ , /

, ,

 , 

, ,

 ,	 ,	

 ,	

, 10 ∗  , 
∗  ,	  , ,

1.176, , 2.0, ,
1.0, , 1.168, 0.31 

 ω   

    
     
     
     
    
     
     
     

 

2.3.2 Particle movement model 
 

This investigation used the Lagrangian method to track individual particle motion directly 
on the basis of the airflow distribution calculated from CFD with the turbulence models. The 
turbulent flow field is treated as a continuous phase and simulated in the Eulerian frame. As 
reported by the literature [45], the Saffman’s force and Brownian force only have effect on sub-
micron particles, this investigation did not consider them in the particle movement equation.  
The Lagrangian method determines the particle model in accordance with Newton’s law: 
 

                                      (3) 

 
where the first and second terms on the right-hand side represent the drag force and gravity 
term, respectively, µα air viscosity, dp particle diameter, up particle velocity, ua air velocity, g 
gravitational acceleration, ρp particle density, ρa air density, and Cc the Cunningham correction 
factor. The factor can be expressed as:  
 

1 1.257 0.4 	 1.1 /2                             (4) 

 
where λ is the mean free path of air molecules.  
 

Particle turbulent dispersion, which is associated with instantaneous flow fluctuations, is one 
of the main mechanisms of particle deposition. This study used the discrete random walk 
(DRW) model to calculate the particle turbulent dispersion. The DRW model simulates the 
interaction of a particle with a succession of discrete stylized fluid-phase turbulent eddies. Each 
eddy is characterized by a Gaussian distributed random-velocity fluctuation, ui’, vi’ and wi’. 
The ui’, vi’ and wi’ that prevail during the lifetime of the turbulent eddy are sampled by assuming 
that they obey a Gaussian probability distribution. 
 

The RNG k-ε model, realizable k-ε model and SST k-ω model assume the turbulent 
fluctuations to be isotropic. Thus, the turbulent fluctuating velocity can be calculated as:  
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2 /3                                                   (5) 

 
where ζi is a standard normal random number.  
 

With the above equations, one can determine particle trajectory in turbulence flow including 
turbulence dispersion. Proper simulation of the turbulent fluctuating velocity in the near-wall 
region is crucial to particle deposition modeling. However, the turbulent fluctuating velocity in 
the near-wall region simulated by the RANS models is less accurate than the direct numerical 
simulation, which is rarely used in practice because of the significant requirement for 
computing resources [46]. Previous studies [47,48] adopted curve-fitted direct numerical 
simulations to correct the turbulent fluctuating velocity in the near-wall region. For the two-
equation models, the RNG k-ε model, realizable k-ε model and SST k-ω model, near-wall 
corrections have been used for the turbulence kinetic energy because of the assumption of 
isotropic turbulence. Jiang et al. [49] incorporated the findings from Wang and James [50] and 
proposed the following equation to modify the turbulence kinetic energy in the near-wall region 
(y+ ≤ 80): 
 

_ 1 0.02                                      (6) 
 
where y+ is the dimensionless wall distance, y+ = yu*/ν; u* friction velocity, m/s; ν the kinematic 
viscosity of air, m2/s; and y the distance from the cell to the nearest wall. 
 

2.3.3 Particle deposition velocity modeling 
 

To better understand where and how many particles deposited on the surfaces of the test 
components, this investigation calculated the local particle deposition velocity on a given 
computing mesh, i, by [31]: 
 

v ,
, / ⋅

/
                                                      (7) 

                                                                                            
where Ai is the area of the local computing mesh, Nd,i the number of particles depositing onto 

this mesh within the time t, N  the average number of particles in the calculated space within 
t, and V the volume of the inner space in the test components. Chen et al. (2016) [47] found 
that 4 time constants could obtain consistent and accurate results. Therefore, this study 
calculated for 4 time constants of the heat exchanger and turbocharger to obtain the particle 
deposition results. 
 

3. Case Setup 
 

Fig. 4 shows the geometric model of the heat exchanger and turbocharger used for the CFD 
simulation. Because of the symmetric geometry, only half of the heat exchanger was modeled 
to reduce calculation time. Since the impellers in the turbocharger were rotating at a speed of 
3120 rpm, this study used the multi-reference frame (MRF) approach to consider the rotating 
motion. This approach, which has also been used by Jiao et al. [51] and Coroneo et al. [52], 
keeps the mesh stationary and simulates the motion by using a rotating coordinate system to 
lower the computational cost [53]. The blue section shown in Fig. 4(b) was the rotating zone. 
The impellers were set to be the moving walls, while the other walls were stationary. The 
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calculation domain was extended 500 mm at the inlet and 200 mm at the outlet of the tested 
components to obtain fully developed flow and to avoid reversed flow. The inlet velocity was 
uniform and set to 21.9 m/s and 45.2 m/s for the heat exchanger and turbocharger, respectively; 
these values were the same as those in the experiment. For the heat exchanger, a turbulent 
intensity of 3.9% and a length scale of 58 mm (equal to the diameter of the inlet) were used for 
the inlet boundary conditions. For the turbocharger, the turbulent intensity was 4.1% and the 
length scale 18.4 mm.  
 

 
(a) 

 
(b) 

Fig. 4. Computational domain and boundary conditions used in this study (a) for the plate-fin 
heat exchanger and (b) for the turbocharger 
 

This study used tetrahedral grids throughout the whole computational domain. For both the 
heat exchanger and turbocharger, three grid resolutions were tested. Fig. 5 shows the facet 
average velocity on a cross section of the heat exchanger and turbocharger simulated by 
different grids. For heat exchanger, 0.57, 1.52 and 4.43 million grids were tested, and it was 
found that grid number of 1.52 million provided grid-independent results. For turbocharger, 
this study compared the results of 0.42, 1.07 and 2.34 million grids and found that 1.07 million 
was sufficient.  
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(a) 

(b) 
Fig. 5. Location of the cross section and face average velocity simulated by different grids (a) 
for the plate-fin heat exchanger and (b) for the turbocharger 

 
Elghobashi (1994) [54] concluded when the volume fraction of particle (Vp/V) smaller than 

10-6, the particles had a negligible effect on the flow turbulence. A one-way coupling can be 
used between the dispersed and continuous phase. We calculated the maximum volume fraction 
of particles used in the simulation, which is equal to 2.7×10-11. Since the particle concentration 
investigated in this study was low, the effect of particles on the turbulence could be neglected. 
One-way coupling seems appropriate for the interaction between the airflow and particles. The 
particle density was 912 kg/m3. This study selected the velocity inlet as the surface injection to 
release the monodisperse spherical inert particles. To obtain a statistical particle deposition 
result, 100,000 spherical particles were uniformly released at the inlet with a velocity equal to 
the inlet air velocity in each case. As the particles usually cannot accumulate enough rebound 
energy to overcome the adhesion force, this study assumed no particle resuspension in the 
simulations. When the particles passed through the outlet, the calculations of the trajectory were 
terminated, and the particles escaped from the component.  
 

Fig. 6 shows the size distributions of the monodisperse particles with diameters of 2.4 μm 
and 5.1 μm that were generated by the particle generator. The monodisperse diameter was the 
weighted average of the particle size distribution. Note that eight different particle sizes were 
used in the experiment, and the diameter distributions for all sizes were similar to those shown 
in Fig. 6. The relationship between the particle concentration and the aerodynamic diameter 
was a skewed normal distribution. The particles diameter distribution was sufficiently 
concentrated to be regarded as monodisperse. Therefore, in the CFD modeling, the particle 
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deposition fraction in the heat exchanger or turbocharger for each diameter was calculated as 
Eq. (8): 

 

, 1                                                (8) 

  
where, Nout and Nin are the particle number at the outlet and inlet of the heat exchanger or 

turbocharger, respectively. 
 

 
(a) 

 
(b) 

Fig. 6. The size distribution of the particles measured by the aerodynamic particle sizer for 
monodisperse diameters of (a) 2.4 μm and (b) 5.1 μm in CFD modeling. 
 

This study used a commercial CFD program, ANSYS Fluent 16.0, to calculate the airflow 
field and particle trajectories. At first, in the calculation, the airflow field was calculated with 
the turbulence models. Then, the near-wall correction function was employed to correct the 
turbulence kinetic energy in the near-wall regions. Next, particles were uniformly released from 
the inlet into the calculation domain. Then, Lagrangian tracking method was used to calculate 
the particle movement trajectories and the particle deposition velocities. The near-wall 
turbulence correction and the calculation of particle deposition velocity were implemented by 
user-defined functions. The particle deposition fraction was calculated with the numbers of 
deposited and released particles using Eq. (8). The governing equations for the airflow were 
solved by the finite volume method. The SIMPLE algorithm was used for pressure and velocity 
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coupling of the transport equations, and second-order discretization schemes were used for 
solving all the independent variables. Convergence of all the variables’ normalized residuals 
was reached at 10-4. Table 2 summarizes the CFD settings.  
 
Table 2 Summary of CFD methods and boundary conditions  

Item Heat exchanger Turbocharger 

Mesh 1.52 million 1.07 million 
Near-wall function Standard wall function 
Average wall Y+ 21.9 56.2 
Inlet velocity 21.95 m/s 45.22 m/s 
Inlet turbulent intensity 3.90% 4.10% 
Inlet length scale 58 mm 18.4 mm 

No-slip stationary walls  
Extended wall; fins; 
guide wall  

Extended wall; 
volute 

No-slip moving walls  / Impeller 
Outlet Pressure outlet 

Discretization  

Pressure PRESTO! 
Momentum Second order upwind 
Turbulent kinetic energy Second order upwind 
Turbulent dissipation rate Second order upwind 

Particle density 912 kg/m3 
Particle trajectories 100,000 

Particle size 
1.0, 2.4, 3.2,  

4.4, 5.1, 6.5, 7.2, 8.1 μm 
Particle injection type Surface 

Time step size for particle tracking 0.0001 s 

Others 
Rotating treatment / MRF approach 
Rotating speed / 3120 rpm 

 
4. Results 
 

This investigation used the research method described in Section 2 to study the cases shown 
above. This section reports the results obtained from the study. 
 

 4.1 Flow field and particle simulations for the heat exchanger  
 

Fig. 7 shows the airflow distribution in a cross section and a longitudinal section of the heat 
exchanger predicted by the three turbulence models. The SST k-ω model provided the smallest 
vortex in the inlet guide section and a slightly more uniform airflow distribution than the other 
two models. The flow distribution at the cross section (the interface of the guide section and fin 
channel inlets) was non-uniform because of the guide section. For the five fin channels, the 
inlet velocities differed from one another. Within each fin channel, the velocity distribution was 
non-uniform, which means that the particle fouling level varied among the five fin channels. 
Detailed information about particle deposition in the heat exchanger could be obtained by using 
Eq. (6) to model the particle deposition velocity on each computing mesh at the surfaces. 
Unfortunately, it was hard to obtain the experimental airflow distribution in the heat exchanger, 
and therefore this study did not compare the calculated flow with experimental data. 
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                                 (a)  

 
                                 (b)  

 
                                (c)  

                                (d)  
Fig. 7. Comparison of the airflow fields (a) in the cross section and longitudinal section of the 
heat exchanger predicted by (b) the RNG k-ε model, (c) the realizable k-ε model and (d) the 
SST k-ω model. 
 

Fig. 8 shows the turbulence kinetic energy distribution in a cross section and a longitudinal 
section of the heat exchanger predicted by the three turbulence models. The turbulence kinetic 
energy distributions at the cross section and the longitudinal section were non-uniform, and the 
turbulence level in the guide section was higher than that in the fin channels. Unlike the airflow 
fields, the differences of turbulence kinetic energy simulated was obvious among the three 
turbulence models. The average turbulence kinetic energy of realizable k-ε model was the 
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highest and SST k-ω model was the lowest. As the particle deposition in the heat exchanger 
was mainly forced by the turbulence diffusion, the turbulence kinetic energy had a major impact 
on the particle deposition. Fig. 9 shows that the particle deposition fraction simulated by 
realizable k-ε model was also the highest and by SST k-ω model the lowest when the near-wall 
correction was not applied. 

 

 
 

                                 (a)  

                                 (b)  

                                (c)  

                                (d)  
Fig. 8. Comparison of the turbulence kinetic energy fields (a) in the cross section and 
longitudinal section of the heat exchanger predicted by (b) the RNG k-ε model, (c) the realizable 
k-ε model and (d) the SST k-ω model. 

 
This study compared the total particle deposition fraction in the heat exchanger predicted by 

three different turbulence models and also compared the simulation results with the 
measurement data. Fig. 9 shows the measured and simulated particle deposition fractions in the 
heat exchanger. For each particle size, the measurements were repeated three times to ensure 
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the validity of the experiment. The relative errors of the repetitive measurements for each 
particle size were less than 10%. The particle deposition fraction on the heat exchanger 
increased with the particle size. The deposition rate was 10% for 1 μm particles and 95% for 8 
μm particles. Our measured deposition rate was much higher than that reported in the literature. 
For example, Siegel and Nazaroff [20] experimentally studied the particle deposition in the fin-
and-tube heat exchangers with a face air velocity of 5.2 m/s. They found that the particle 
deposition fraction increased from 3% to 32% when the particle size changed from 1 μm to 8 
μm. The difference was caused by the more complex geometry of the heat exchanger and the 
higher air velocity (9 m/s) used in the present study than in their study. The particle deposition 
fraction increases with high particle inertia and strong air turbulence. The trend of the simulated 
results was similar to that of the experimental data. Without the near-wall corrections, the 
particle deposition fractions predicted by the three turbulence models were higher than the 
experimental data, especially for particles with a diameter smaller than 3.8 μm. For particles 
with a diameter larger than 5.1 μm, the predictions by all three models agreed very well with 
the measurement data, both with and without the near-wall correction. The near-wall correction 
clearly improved the deposition rates simulated by the three turbulence models, and the RNG 
k-ε model produced the most accurate particle deposition fraction in the plate-fin heat 
exchanger. The SST k-ω model over-predicted the particle deposition fraction for most particle 
sizes, even with the near-wall correction, and this outcome may not be suitable for modeling 
the particle deposition on the plate-fin heat exchanger. The average relative errors between the 
simulated and measured deposition rates for the particles at eight different diameters were 
approximately 4.9%, 17.9% and 33.4% for the RNG k-ε model, realizable k-ε model and SST 
k-ω model, respectively. 

 

 

Fig. 9. Comparison of the particle deposition fraction in the heat exchanger predicted by 
different turbulence models with the measurement data. 

 

To obtain detailed information about the location, number and size of the particles deposited 
on the surfaces of the plate-fin heat exchanger, this study calculated the deposition velocities 
for monodisperse particles according to Eq. (7). Since the RNG k-ε model with a near-wall 
correction predicted the most accurate total particle deposition fraction, this study adopted the 
model to calculate the local particle deposition velocity on each computational cell near the 
surfaces. Fig. 10 shows the predicted particle deposition velocity distributions onto the surfaces 
of the heat exchanger for particles with diameters of 1.0 μm, 3.2 μm, 6.5 μm and 8.1 μm. It can 
be seen that the deposition patterns varied with the particle diameter. For small particles, the 
deposition distribution was uniform on the fins and guide walls, which may have been caused 
predominantly by turbulence dispersion. Large particles were likely to deposit by impact on the 
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fins and inlet guide wall of the heat exchanger. The particles deposited mainly on the inlet guide 
wall and near the position connecting the fin channels with the inlet guide wall. In the fin 
channels, the deposition distribution was similar to the airflow pattern shown in Fig. 7. Higher 
velocities led to more deposition by impact. Large particles contributed significantly to the bulk 
of the fouling because of their size and high deposition fraction. For the plate-fin heat exchanger 
investigated here, the fouling risk was highest near the inlets of the fin channels. 
 

 

(a) (b) 

(c) (d) 
Fig. 10. Predicted patterns of particle deposition velocity on the inner surfaces of the plate-fin 
heat exchanger for particles with diameters of (a) 1.0 μm, (b) 3.2 μm, (c) 6.5 μm, and (d) 8.1 
μm. 
 

4.2 Flow field and particle simulations for the turbocharger  
 

For the turbocharger, we also compared the simulation results obtained by using the three 
turbulence models. Fig. 11 shows the flow field in a cross section of the turbocharger. As the 
inlet velocities exceeded 40 m/s at times, the rotating impeller did not provide enough 
centrifugal force to produce a clockwise or counterclockwise rotating flow field. The high-
speed flow hit the impeller directly and then spread out along the radial direction of the impeller. 
The highest velocity was found at the outlet of the volute. The air flow fields predicted by the 
three turbulence models were similar in most areas of the turbocharger, but a little differences 
were observed at the position connecting the volute and extended pipe. 
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(a) (b) 

(c) (d) 
Fig. 11. Comparison of the airflow fields (a) in the section of the turbocharger predicted by (b) 
the RNG k-ε model, (c) the realizable k-ε model and (d) the SST k-ω model. 
 

Fig. 12 shows the turbulence kinetic energy distributions simulated by the three turbulence 
models in a cross section of the turbocharger. For all the three turbulence models, the highest 
turbulence level appeared at the outlet of the volute, where several flow steams met and 
mixed to generate strong turbulence. The average turbulence kinetic energy simulated by the 
realizable k-ε model was the highest and RNG k-ε model the lowest. 
 

 

 

(a) (b) 

(c) (d) 
Fig.12.Comparison of the turbulence kinetic energy fields(a) in the section of the turbocharger 
predicted by(b)the RNG k-ε model, (c)the realizable k-ε model and (d)the SST k-ω model. 
 

Fig. 13 depicts the measured and simulated particle deposition fractions on the turbocharger. 
The deposition rate again increased with the particle size. However, the deposition rate on the 
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turbocharger was higher than that on the heat exchanger. Since the inlet air velocity of the 
turbocharger was 45.2 m/s, the inertial force in the turbocharger was much higher than that in 
the heat exchanger. When the turbocharger rotated at a speed of 3120 rpm, the rotating impeller 
increased the particle deposition. The particle deposition fraction was 32.9% for 1 μm particles 
and 89.3% for 8 μm particles. For the turbocharger, the particle deposition fractions simulated 
by the three turbulence models were close to the experimental data. As investigated by others 
[55, 56], turbulence diffusion significantly affected particle deposition in the “Brownian” and 
“transition” regions, while little effect on the particles in the “inertia region”. The near wall 
corrections which calibrated the turbulence fluctuation level had no obvious effects on particles 
with very high velocities in the turbocharger in the “inertia region”. For particles with very high 
velocities, the particle deposition was mainly caused by inertial impaction. The airflow fields 
simulated by the three turbulence models were similar. Therefore, the results simulated with 
and without near-wall corrections were similar. The average relative errors between the 
simulated and measured deposition rates were about 0.9%, 1.9% and 1.3% for the RNG k-ε 
model, realizable k-ε model and SST k-ω model, respectively; these errors were negligible.  

 

 
Fig. 13. Comparison of the particle deposition fraction in the turbocharger predicted by 
different turbulence models with the measurement data.  
  

As with the heat exchanger, this study calculated the particle deposition velocity distributions 
in the turbocharger for particles of different sizes. Since the three turbulence models provided 
similar predictions of deposition rate, this study used the RNG k-ε model to calculate the 
particle deposition velocity distributions. Fig. 14 shows the particle deposition velocity 
distributions for four particle sizes. The deposition of 1 μm particles was fairly uniform, while 
the deposition of large particles occurred on the impeller.  Therefore, the impeller has the 
highest fouling risk. For each diameter, the particle deposition in the turbocharger was higher 
than in the heat exchanger. 
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(a) (b) 

(c) (d) 
Fig. 14. Predicted pattern of particle deposition velocity on the inner surfaces of the 
turbocharger for particles with diameters of (a) 1.0 μm, (b) 3.2 μm, (c) 6.5 μm, and (d) 8.1 μm. 
 
5. Discussion 
 

This study modeled particle deposition under isothermal conditions with an air temperature 
of 293 K. However, the heat exchangers in the aircraft ECS may operate at a temperature as 
high as 500 K. Yang et al. [57] experimentally investigated the effect of temperature on PM2.5 
deposition in a rectangular duct. They found that radial force thermophoresis pushed the 
particles toward the cold wall and enhanced the PM2.5 deposition. The deposition fraction 
increases with an increase in the difference between the air temperature and the cold wall 
temperature. Since the heat exchangers in the aircraft ECS are used to cool the hot bleed air, 
the actual particle deposition in the heat exchangers during operation may be higher than that 
predicted in this study. 
 

This study used liquid particles made of DEHS to conduct the experiments, which adhere to 
a surface on contact. Kang et al., (2015) [58] experimentally studied the particle rebound 
fraction of liquid and solid particles to evaluate the effect of particle phase on particle bounce. 
They found that almost no liquid particles would rebound from surface. Matthew et al. (2008) 
[59] also reported that nearly 100% of liquid and liquid-coated particles were captured once 
they reached the surfaces. To compare with our experimental data, this study set that the 
particles were trapped once they reached the walls in the CFD modeling. References [60,61] 
reported that the particle rebound behavior may influenced by many factors, such as size, 
density, phase, hardness, hygroscopicity, impact velocity, surface materials, etc. In the 
atmosphere, there are different types of particles with different physical properties. The rebound 
behaviors of these particles were difficult to identify. And no detail database has been found to 
provide the rebound fraction, which can be set in the CFD modeling. Therefore, this study 
preferred to provide the worst case of particle deposition in the components. The information 
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is crucial for aircraft maintenance. Therefore, this study did not consider particle bounce and 
resuspension that were safe factors for the maintenance. 

 
There are some nanoscale particles in bleed air, however, the mass of these particles was too 

small to have an obvious effect on the mass accumulation of deposited particles. For the 
particles with large diameters, most of them will deposit on the surfaces of the ducts before 
going through the air-conditioning pack. As investigated by Liu et al., (2017) [13], more than 
90% of the particles with diameter larger than 10 μm deposited on the ducts before entering the 
air-conditioning pack. Most of the large particles have no chance to go through the components 
in the air-conditioning pack. Therefore, this study focused on the monodisperse particles with 
diameters ranged from 1 to 8 μm. 

 
The sizes of the heat exchanger and turbocharger used in this study may be different from 

the sizes of the actual components used in the ECS of a commercial airplane. The impact of 
component size on particle deposition fraction was not examined. Furthermore, the 
measurements were conducted under isothermal and isobaric conditions, so that the effects of 
heat transfer and pressure on the deposition were neglected. In reality, the temperature and 
pressure in the ECS is quite different with the standard condition, the variation of particle size 
on different temperature and pressure conditions were not considered in this study, which needs 
more future work. 
 
6. Conclusions 
 

This investigation sought to numerically study the deposition rate of particulate matter in 
outside air on the key components of the environmental control system of a commercial 
airplane, i.e., a heat exchanger and a turbocharger. The study also performed experimental 
measurements of the overall deposition rates for comparison with the numerical results. The 
following conclusions were reached:  
 

This study employed three commonly used two-equation RANS turbulence models with a 
Lagrangian method to predict particle deposition in the heat exchanger and turbocharger. The 
simulated results were compared with the experimental data obtained in this study. The 
comparison of measured and simulated particle deposition fraction showed that all the three 
turbulence models provided good prediction of particle deposition in the turbocharger, while 
for the heat exchanger the RNG k- model performed better than the other two models after 
applying the near-wall correction. Both the SST k-ω model and realizable k- model still 
overpredicted the particle deposition even with the near-wall correction. The limitation of 
realizable k- model was that it produced non-physical turbulent viscosities in some situations. 
The SST k-ω model can over-predict shear stresses of adverse pressure gradient boundary 
layers and that the model had issues predicting turbulence levels and complex internal flows. 
The model is also very sensitive to inlet boundary conditions, which is a disadvantage not seen 
in RNG k- model. Therefore, the RNG k-ε model with a near-wall correction together with the 
Lagrangian method is recommended for modeling particle deposition in the complex ECS 
components.  
 

Both the experimental and numerical results show that the particle deposition fraction 
increased with particle size on the plate-fin heat exchanger and the turbocharger. Because of 
the complex geometry of the plate-fin heat exchanger, the measured deposition rate was 10.3% 
for 1 μm particles and 95.2% for 8 μm particles. Since the turbocharger rotated at a speed of 
3120 rpm, the rotating impeller significantly enhanced the particle deposition fraction. Because 
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the inlet air velocity was as high as 45.2 m/s, generating a very significant impact on the 
particles, the measured deposition rate was 32.9% for 1 μm particles and nearly 97.5% for 8 
μm particles. The averaged relative errors between the simulated and measured particle 
deposition fraction at eight different diameters are 4.9% and 0.9% in heat exchanger and 
turbocharger, respectively.  
 

According to the simulated results in this study, particle deposition was high in both the 
plate-fin heat exchanger and the turbocharger, and the deposition distribution was non-uniform, 
especially for large particles. For the heat exchanger, the particles accumulated mainly at the 
inlet guide section and near the position connecting the fin channels with the inlet guide wall. 
The inlets of the five fin channels may be the first positions to be blocked by the particles. For 
the turbocharger, the impeller had the highest fouling risk, as most of the large particles 
deposited here. 
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