
1 
 

The Axial Cyclone Cloud water Collector 
Ewan Crosbie1,2, Matthew Brown1,3, Michael Shook1, Luke Ziemba1, Richard H. Moore1, Taylor 
Shingler1,2, Edward Winstead1,2, K. Lee Thornhill1,2, Claire Robinson1,2, Alexander B. Macdonald4, 
Hossein Dadashazar4, Armin Sorooshian4, Andreas Beyersdorf5, Jeff Collett6, Derek Straub7, Bruce 
Anderson1 5 
1NASA Langley Research Center, Hampton, VA 23666, United States.  
2Science Systems and Applications, Inc. Hampton, VA 23666, United States. 
3Universities Space Research Association,  
4University of Arizona 
5California State University 10 
6Colorado State University 
7Susquehanna University 
 

Correspondence to: Ewan Crosbie (ewan.c.crosbie@nasa.gov) 

Abstract. A new aircraft-mounted probe for collecting samples of cloud water has been designed, fabricated and extensively 15 

tested.  Following previous designs, the probe uses inertial separation to remove cloud droplets from the airstream, which are 

subsequently collected and stored for offline analysis.  We report details of the design, operation, and the modeled and 

measured probe performance. 

Computational Fluid Dynamics (CFD) was used to understand the flow patterns around the complex interior geometrical 

features that were optimized to ensure efficient capture of droplets.  CFD simulations coupled with particle tracking and 20 

multiphase surface transport modeling provide detailed estimates of the probe performance across the entire range of flight 

operating conditions and sampling scenarios. 

Physical operation of the probe was tested on a Lockheed C130 Hercules (fuselage mounted) and de Havilland Twin Otter 

(wing pylon mounted) during three field campaigns.  During C130 flights on the final field campaign, the probe reflected the 

most developed version of the design and a median sample collection rate of 4.5 ml min-1 was achieved.  This allowed 25 

samples to be collected over 1-2 minutes under optimal cloud conditions.  Flights on the Twin Otter featured an inter-

comparison of the new probe with the slotted-rod collector; an existing technique for collecting cloud water.  Comparison of 

trace species concentrations showed a good agreement between collection techniques, with absolute concentrations of most 

major ions agreeing within 30%, on average, despite sampled concentrations ranging over several orders of magnitude and 

the samples not collected with perfect coincidence.  30 

1 Introduction 

Clouds are a fundamental characteristic of the hydrological cycle and an important component of the Earth’s climate system.  
They affect the transport of pollutants and act as a primary mechanism for the vertical redistribution of trace species (e.g. 
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Pickering et al., 1988, Andreae et al., 2004, Seigel and van den Heever, 2012, Barth et al., 2015, Twohy et al., 2015, Corr et 
al., 2016). Clouds drive the primary removal mechanism for atmospheric aerosol particles through precipitation formation 
(Seinfeld and Pandis, 2016), but also produce changes in aerosol composition through aqueous reactions (e.g. Sorooshian et 
al., 2007, Ervens et al., 2008, Wonaschuetz et al., 2012), which are known to play a significant role in the production of 
secondary aerosol species, including sulfate (Pandis et al., 1992, Collett et al., 1994) and organics (Ervens et al., 2004, 5 
Carlton et al., 2009).  In the case of secondary organic aerosols, these processes are underrepresented in models because of 
their complexity and the difficulty of obtaining satisfactory validation data (Carlton et al., 2009).  Remote sensing of 
aerosols in the vicinity of clouds is challenging, and in situ sampling of clouds and regions near clouds requires an aircraft, 
except in some unique locations such as mountaintop sites (e.g. Collett et al., 2002, Marinoni et al., 2004, Schwab et al., 
2016) and in locations encountering fog (e.g. Collett et al., 1998, Herckes et al., 2007, Li et al., 2011, Straub et al., 2012, 10 
Weiss-Penzias et al., 2012, Herckes et al., 2013).  

Airborne collection of bulk cloud water samples for subsequent chemical analysis has proven to be a useful tool for 
quantifying the abundance of chemical species within clouds. Other complimentary techniques such as the counterflow 
virtual impactor (Twohy et al., 2003, Shingler et al., 2012) dry the cloud droplets to produce residual particles, which can 
then be analyzed for composition or size, but this generally has the disadvantage of expelling semi-volatile aerosol species 15 
and dissolved gases present in the cloud droplets and also presents challenges with recovering absolute concentrations.  
Although cloud water sampling for investigating aerosol activation, pollutant transport and chemical evolution now spans 
several decades, recent measurements have shown skill in promoting linkages between cloud water chemistry and dynamic 
processes. Examples of this are the characterization of the coupling state of marine clouds with the ocean surface (Wang et 
al., 2016), the identification of above and below cloud sources (Wang et al., 2016, Braun et al., 2017) and the connection 20 
with physical properties, such as the presence of giant cloud condensation nuclei (Dadashazar et al., 2017).  In addition, 
progress has been made with using cloud water samples to diagnose wet scavenging in marine clouds (Macdonald et al., 
2018). 

The majority of airborne cloud water samples have been collected using the slotted-rod collector (Mohnen, 1980) the 
operation of which is widely described (Hegg and Hobbs, 1986, Huebert et al., 1988, Kim and Boatman, 1992, Leaitch et al., 25 
1992). However, this technique is difficult to operate on pressurized aircraft thereby limiting the locations and vertical extent 
of sampling, and its performance is sensitive to the operating conditions (Huebert et al. 1988), fabrication, and materials 
(Huebert and Baumgartner, 1985).  Axial cyclones also have former use as inertial separation devices for cloud water (e.g. 
Walters et al., 1983) and feature a swirl generating device driven by ram pressure to separate droplets from the airstream.  A 
new type of collector featuring an axial cyclone was developed by Straub and Collett (2004, hereafter SC04) for use on the 30 
NCAR C130 and flight tested in 2001. This probe was wing mounted in a standard probe canister, which resulted in 
favorable air flow characteristics but the small space for sample storage limited the overall number of samples that could be 
collected per flight.  The collection of cloud water was also slower and less efficient than expected, resulting in long sample 
durations (> 10 min). 

In this paper, we describe efforts that have improved the axial cyclone technique through the design of a new probe, which 35 
we have named the Axial Cyclone Cloud water Collector (AC3).  This was accomplished through multiple design 
improvements (Sect. 2) and geometry improvements supported by computational fluid dynamics (CFD) simulations (Sect. 
3).  The new probe performance is evaluated in flight during multiple airborne field campaigns (Sect. 4).  Through an 
operational inter-comparison with the slotted-rod, AC3 is shown to be in good agreement with compositional analysis of 
samples and is summarized in Sect. 5.  The enhanced collection efficiency and ability to operate on a wide range of airborne 40 
platforms embodies the capability of the new design, since increased sampling rates results in more analyses which can be 
performed on each sample and enhances sample time resolution.   

2 Design Summary 

2.1 Specifications 
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gases, which in concert with diagnostic pressure measurements inside the probe permits real-time monitoring of evaporation 

losses.  

2.4 Storage and Metering 

Collected cloud water was pumped through a standard 1/8-inch PFA line into the cabin of the aircraft using a constant flow 

rate peristaltic pump. The pump ran continuously while sampling was taking place and usually the tubing contained a mix of 5 

air and water.  Analysis of capillary and viscous forces with this tubing internal diameter (1.57 mm) and flow rate (50 

ml/min) indicated a laminar slug flow regime (Dukler and Hubbard, 1975, Fabre and Liné, 1992), where water and air 

phases periodically span the entire tube cross section, permitting optical flow metering.  Two non-intrusive, optical bubble 

sensors (Panasonic Industrial, BE-A301) are arranged in series on the sample tubing to detect the liquid and air fraction 

during sampling, and hence provide a method of metering the volume of collected cloud water at high temporal resolution.  10 

Laboratory testing revealed that across a wide range of simulated water collection rates, slug flow prevailed with the 

exception that at very low water availability, the bubble sensor tracking became more intermittent, which may complicate 

tracking water collection in marginal cloud conditions when liquid water content (LWC) is low. 

 

The collected water is either dispensed into Nalgene® storage vials in a programmable auto-collector (Brechtel 15 

Manufacturing Inc.) or manually into polypropylene centrifuge tubes.  Data acquisition software logs the collection rates and 

total volume; if the auto-collector is used, it controls the active vial position.  Samples can be collected over a prescribed 

volume or duration to allow flexibility to accommodate various offline analysis requirements. 

2.5 Shutter 

While the collector is designed to selectively remove cloud droplets but not aerosol particles from the airstream, there is the 20 

potential for accumulation of particles on internal surfaces during flight outside clouds.  Even though the collection of 

aerosols is designed to be inefficient, the high air flow rates (>10000 LPM) through the probe together with any exposure 

during an extended period of time produces an unsatisfactory accumulation of surface material leading to a contamination 

effect on subsequent cloud water collection.  When the inlet was continuously open during initial flight testing the 

contamination issue was found to be particularly apparent in conditions with enhanced coarse mode aerosol particles, such as 25 

sea salt or dust, and in biomass burning plumes. An operable shutter mechanism closes the inlet to air flow when not 

sampling clouds.  The shutter is actuated by a servo motor controlled by the user interface on the data acquisition software 

and limit switches housed next to the servo motor provide feedback to the software that the shutter is in the desired position.  

Analysis of pre- and post-flight blanks, with and without the shutter, confirmed the necessity of its use and its successful 

function for removing clear air contamination (see Sect. 5). 30 
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(Hong et al, 1994, Samyn, 2014), but these angles are expected to be strongly affected by the amount of surface oxidation 

and the presence of contaminants (Trevoy and Johnson, 1958, Bernardin et al., 1997, Schuster et al, 2015).   

 

The film regime assumes that the surface is completely wetted and water transport is driven by viscous shear.  The bulk 

velocity of the film scales with the film thickness. The film mode is not stable below a critical thickness (Hartley and 5 

Murgatroyd, 1964) because under these conditions, dry patches will not become wetted and the flow is more likely to take on 

a rivulet structure. We document critical film thicknesses and associated bulk velocities in Table 3 for coated and uncoated 

surfaces and for typical C130 and Twin Otter flight conditions.  In all flight conditions, the wetting rate to maintain a stable 

film far exceeds the possible supply of liquid water by more than an order of magnitude.  This means that if a film were to 

form, it would be transient and highly unstable and the more plausible scenario is a partially wetted surface. 10 

 

Over this range of contact angles, the dynamics of isolated droplet motion is expected to follow the so-called “creeping” 

regime instead of a low resistance “rolling” regime, which is possible for higher contact angles observed with super-

hydrophobic surfaces (Quéré, 2005).  Future investigation into other available coatings may facilitate the rolling regime, 

with substantial reductions in interfacial forces; however, the benefits of any change would have to considered in tandem 15 

with the durability, preservation, and potential artefacts resulting from such a surface finish exposed to flight conditions.  For 

isolated droplets, static load analysis provides estimates of the critical drop effective diameter, beyond which interfacial 

forces caused by contact angle hysteresis cannot resist the aerodynamic drag (Table 3).  Also reported is the expected drop 

velocity in the creeping regime at the critical drop effective diameter.  The drop velocities are considerably higher than 

would be expected for films of comparable thickness and can be attributed to the dominance of form drag affecting droplets 20 

compared to frictional shear in the case of the film.  As the concentration of surface drops increases, the aerodynamic 

assumptions of an isolated drop are less valid, since there is a shielding effect caused by surrounding drops and drop 

velocities will be lower.  Based on these calculations, we expect cyclic behavior to emerge whereby dominant droplet 

clusters reach a critical size and are quickly swept along the surface capturing smaller downstream droplets in their path. The 

dry region in the wake of the departing drop or transient rivulet then starts accumulating small stable droplets which increase 25 

in density until droplet clusters start to form, resetting the cycle.  

 

Despite the complexity of the details of the surface flow, we expect it to quickly relax to a steady state, where the axial 

gradient in wetting rate is balanced by the source of liquid water impacting the walls.  This is assumed to occur once a 

critical volume of water is present on the walls (Table 3), which we estimate by assuming that sufficient critically sized 30 

droplets are present to satisfy the required wetting rate.  During removal, they may appear temporarily as a rivulet, but it is 

not expected that these would exist as a stable feature because they cannot be replenished fast enough.  For simplicity, it is 

assumed that the wake of departing critically-sized drops is dry and the remaining area is covered with smaller quasi-stable 

drops distributed uniformly (by area) across all sizes down to typical cloud droplets.  Further increases in wall volume in the 
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Figure 8: Campaign histograms showing the variability of (a) LWC, (b) effective diameter (D), and (c) collection rate (CR) 
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Figure 9: Bulk performance estimate across the NAAMES-2, FASE and NAAMES-3 campaigns. Markers represent median 

(50%) statistics, while bars represent the 25% to 75% range.  Top and bottom axes are scaled for Stokes Number similarity 

between corresponding airspeeds on the C130 and Twin Otter (T/O) platforms.  Data are grouped into bins of effective 

diameter based on the range of conditions encountered in each campaign.  Model predicted performance is shown for the 5 

P10 case together with the model predicted maximum performance based solely on inlet transmission (see text for details). 
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Appendix A 

 25 

The effects of evaporation are considered through two mechanisms: Part 1 considers the droplet during the time-of-flight 

from entry into the probe and arrival at a collection surface, while Part 2 considers evaporation from water on the surface.   

 

Part 1: Droplet Evaporation 
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Figure 1: Probe schematic showing main components and key dimensions (see Table 1) 
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Figure 2: Optimization of stator blade angles. (a) schematic of blade geometry and associated wake (W) and jet (J) structure, 

(b) stator performance as a function of blade angle (see text for details), and (c) optimum blade angle using method shown in 

(b) calculated over a range of droplet diameters (dashed line indicates low confidence of applicability of theoretical model). 5 
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Figure 3: (a) profiles of axial and tangential velocity ratio at seven stations across the stator, and (b) axial dependence of total 

loss coefficient (K) and swirl number (S).  The shaded region indicates the extent of the blade chord and a scale is indicated 

above the first profile. 5 
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Figure 4: CFD derived azimuthally-averaged streamline pattern downstream of the stator blades with contours of tangential 

velocity showing (a) an axisymmetric slice of the collection zone, and (b) a close-up of the collection zone bounded by the 

dashed box in (a).  Flow streamlines indicate a region of separation followed by reattachment on the outer wall (green 

streamline) and a broad recirculation zone (red streamline) 5 
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Figure 5: Capture zone droplet trajectories showing a) variation of droplet trajectory with diameter and radial position with 

droplets in equilibrium with upstream flow, b) trajectories of droplets shed at the blade trailing edge with zero initial 

momentum, and c) effect of flow turbulence on an ensemble of trajectories, released as per (a) in the middle location. 5 
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Figure 6: Statistics of trajectory ensembles across a range of droplet diameter.  Panel (a) shows the transmission computed 

for the inlet and stator, which are unaffected by the pipe position.  In panels (b) and (c) the fraction of droplets that migrate 

to the outer walls is compated between three pipe positions for (b) droplets at equilibrium with the upstream flow and (c) 

droplets shed from the blade trailing edge with zero initial momentum 5 
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Figure 8: Campaign histograms showing the variability of (a) LWC, (b) effective diameter (D), and (c) collection rate (CR) 
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Figure 9: Bulk performance estimate across the NAAMES-2, FASE and NAAMES-3 campaigns. Markers represent median 

(50%) statistics, while bars represent the 25% to 75% range.  Top and bottom axes are scaled for Stokes Number similarity 

between corresponding airspeeds on the C130 and Twin Otter (T/O) platforms.  Data are grouped into bins of effective 

diameter based on the range of conditions encountered in each campaign.  Model predicted performance is shown for the 5 

P10 case together with the model predicted maximum performance based solely on inlet transmission (see text for details). 
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Figure 10: Flight tracks and cloud water sample locations during cold air outbreak case flown during NAAMES-3.  Inset 

MODIS visible images correspond to selected cloud water cases and highlight range of cloud conditions 
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Figure 11: Comparison of instantaneous collection rate (CR) time series with observed cloud liquid water content (LWC) 

derived from the CDP for the three cases identified in Figure 11. 

  5 
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Figure 12: Pseudo-time series of selected chemical species concentration (a-c) and ratios (d-f) observed during the 

intercomparison between AC3 and the slotted rod (SR) as part of the FASE campaign. 


