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Abstract 

The following paper presents flow field and particle dispersion data from a UK National 
Health Service (NHS) ambulance, under static and dynamic driving conditions and when 
using different ventilation modes. Data was recorded using laser sheet flow visualisation, 
particle image velocimetry and hot wire anemometry, from a common plane positioned about 
the patient centreline. Results indicated a significant influence of the ceiling fan ventilation 
system on gross flow field behaviour, with the ventilation fan on extract or intake mode. With 
either ventilation mode, flow velocities in the patient region were found to double from a 
quiescent condition, to around 50mm/s – 100mm/s. Particle dispersion data also showed 
dispersion decay rates over five times faster when using the ceiling fan extraction system. All 
these results were consistent when the vehicle was stationary or driving at a constant speed 
of 60mph. However, with the vehicle under dynamic driving conditions, such as acceleration 
or braking, the regular flow patterns were substantially disrupted, with bulk movement of the 
flow in the direction of the acceleration or braking action. Under these dynamic conditions, 
the magnitude of the net velocity change on the fluid exceeded any flow generated from the 
ceiling ventilation system.   
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1. Introduction 

Understanding vehicle interior flows is seen as an important part of the vehicle design, to 
ensure a suitable environment for the driver and occupants [1 - 6]. A number of approaches 
to characterising the flow field have been reported and focus on basic flow visualisation and 
computational fluid dynamic (CFD) methods. 

In work by Yamamoto and Hill [1], the authors investigated the flow field of a scaled cabin of 
a pick-up truck, using tuft visualisation and a Reynolds averaged Navier Stokes (RANS) 
CFD model. Ishihara et al [2] applied a laser flow visualisation method to a scale model of a 
car interior and compared the results to a RANS CFD model. In work by Aronson et al [3], 
particle image velocimetry (PIV) was used in a full scale car interior and compared to a CFD 
model. In a similar experimental and numerical approach by Kataoka et al [4], the flow model 
results were extended to predict the temperature distribution around the cabin. In this case, 
the behaviour of the ventilation jets and their effect on the  temperature of passengers were 
investigated. In work on a 50% scale model by Yang et al [5], the car interior flow was also 
used to characterise the effect of different air conditioning mass flow rates on the cabin flow 
field. In this case, as in previous examples, a combination of PIV and CFD were used to 
predict and validate the cabin flow field. A similar example is also found in a bus cabin to test 
the different ventilation modes and their effect on the flow field [6]. 

In other examples of vehicle interior flow fields, work has been published on a rail car cabin 
for fire safety [7] and following the SARS pandemic, work was completed on the distribution 
of aerosols in aircraft cabins, including the simulation of a passenger coughing [8,9]. 
Connected to these studies, flow fields in commercial buildings have also been studied [10] 
and there is significant literature on aerosol dispersion in indoor environments, in buildings 
and vehicles [11 - 16]. In the case of characterisation of particle dispersion in these 
environments, a number of different experimental techniques can be used [9,11], ranging 
from light scattering methods to radioactively doped particles. 

In all the cases discussed previously of vehicle interior flow fields, the vehicles were 
stationary and the effect of the vehicle movement, in terms any longitudinal or lateral 
acceleration, was not accounted for. This accounts for the fact that there is no previous 
literature for comparison in Section 3. In the following paper, experimental results of an 
interior vehicle flow, from an ambulance rear saloon are presented, for both a stationary and 
a moving vehicle. The results investigate the flow field for both steady and transient motion 
of the vehicle and the particle dispersion of smoke or helium bubbles, with and without the 
ceiling air ventilation system, turned on in the saloon. In this work, there is an assumption 
that saloon air quality, critical to paramedics and patients, is related to particle dispersion 
rate, which is influenced by the flow field generated from the saloon ventilation systems. The 
authors believe these are seminal flow and dispersion measurements from a moving vehicle. 

 

2. Experimental Methodology 

The following section will outline the experimental methodology and set-up in the ambulance 
and the different techniques used to characterise the flow field and the bulk particle 
dispersion characteristics, in the vehicle saloon. In all cases the techniques were set-up to 
allow measurement of data with the vehicle stationary and whilst driving. This presented 
several challenges, including camera movement during driving and the nature of the 
confined space in the saloon, which will be discussed further in the paper. 



The general experimental approach taken by the authors was to record two separate sets of 
data which included 1) mapping the flow field from a key measurement plane inside the 
ambulance and 2) recording the particle dispersion characteristics from a position adjacent 
to the flow measurement plane. This approach would allow general conclusions to be made 
about the effect of the flow field on particle dispersion characteristics, under different 
ventilation and driving conditions. This linkage between particle dispersion rates, the 
ventilation modes and the driving state of the ambulance was a critical question, that needed 
to be addressed in the research project. Particle dispersion rates were also assumed to be a 
robust general measure of the air quality possible inside the saloon, which is a major 
consideration for paramedics and patients inside the vehicle. More detailed quantitative-
based findings between air flow and particle dispersion would require a computational fluid 
dynamics model, but this data was not available in this project. 

As the measurement plane selected in the saloon had significant dimensions (2m x 1.5m), 
several velocity measurement techniques had to be used in separate measurements, to 
capture a combination of quantitative velocity data and qualitative flow field patterns. 
Interpretation of the separate velocity datasets and flow visualisation videos was then 
completed through observation and comparison, to yield general flow features and flow field 
characteristics in the saloon. The velocity datasets from the flow visualisation and hot wire 
anemometer were also compared by using a common set of axes, with an area of overlap in 
the centre of the measurement plane. The following section will outline these techniques and 
the ambulance test bed in more detail. 

2.1.  Ambulance Test Bed 

A Fiat Ducato ambulance vehicle was loaned to the authors by the U.K. National Health 
Service (NHS) East Midlands Ambulance Service (EMAS) for the experiments and 
converted into the flow laboratory. To allow the mounting of the flow visualisation and 
particle dispersion equipment, the paramedic seat at the front of the saloon was removed 
and a truss style mounting was bolted onto the seat mounts with a tabletop (Figure 1). 
Further mounts were also placed onto saloon wall of the ambulance near the side door and 
the upper storage compartment, to allow mounting of the flow visualisation cameras. 
Additional equipment, such as the flow visualisation smoke seeder and power supply 
systems were secured onto the floor, to allow measurements during driving of the vehicle. 
Furthermore, black out cloths were mounted onto the walls in areas viewed by the 
visualisation cameras, to reduce light reflection and improve image quality (see Figure 2). 

The ambulance was fitted with a ceiling extractor fan or ‘vent fan’, which could be set on a 
‘intake’ or a ‘extract’ mode. There were also additional ventilation ducts towards ceiling level 
at the front of the saloon, termed ‘front vents’. These were only effective during vehicle 
driving, to supply additional fresh air into the saloon and they were dependent on the vehicle 
speed and the raised pressure at the front of the vehicle. In any subsequent discussion, the 
different ventilation modes are referred to, as listed in Table 1. 

 

Vent Fan Mode Notes 
Off Ceiling fan off, only front vents open 
Intake Ceiling fan on, supplying air from outside into the saloon, front vents 

open 
Extract Ceiling fan on, removing air from inside the saloon to the outside, front 

vents open 
 

Table 1 – Ambulance ventilation modes (in all cases front vents open) 



 

2.2.  Flow Visualisation Methods 

Several flow visualisation methods were used to characterise both general and detailed flow 
patterns. For qualitative interpretation, light sheet visualisation was used and for quantitative 
visualisation, particle image velocimetry (PIV) [18] data was recorded. In both cases, a 
common measurement plane was defined by a laser light sheet positioned about the 
longitudinal stretcher centreline. This plane was chosen to best reflect any potential 
influence of the flow field on the patient on the stretcher, or adjacent paramedics working in 
the saloon. 

To generate the flow visualisation light sheet, a Coherent DPSS solid state Nd:YAG Genesis 
laser, with 514nm output and a power of 200mW was directed through a rotating optical 
hexagon glass element, which scanned the light beam at selected frequencies from several 
Hz to several hundred Hz. Smoke and helium filled bubbles were used to visualise the flow 
patterns and record PIV data (see section 2.2.2). The laser sheet could be repositioned at 
various angles up to 20o from the horizontal, to capture the different imaging areas, including 
the vent fan area on the ceiling. Blackout cloth was also mounted on the far wall of the 
ambulance to reduce reflections in the images. A general summary of the imaging 
configuration, showing the light sheet position, the common flow origin axes and the interior 
dimensions, is shown in Figure 3. 

2.2.1.  Qualitative Visualisation 

For qualitative flow visualisation, a Go-Pro camera, with an image resolution of 640 x 480 
pixels, was mounted at several positions towards the rear of the saloon, to record a movie at 
30Hz of the whole laser light sheet and saloon area. This viewpoint allowed estimations of 
bulk flow movement in the corresponding area above the patient and allowed general 
analysis of the effect of the vent fan on the ceiling of the cabin, or other transient motions in 
the flow field. Processing of these images for detailed bulk flow estimations are also 
discussed in more detail in section 2.2.3. 

2.2.2.  Quantitative Visualisation 

For detailed quantitative flow visualisation, a particle image velocimetry (PIV) [18] system 
was used. The PIV system was based on the same laser visualisation light source as the 
flow visualisation. 

The PIV imaging system used two different cameras. For high spatial resolution 

measurements, a Sony 600 with a resolution of 6024 x 4024 pixels was mounted 

perpendicularly, at several different positions, to observe the light sheet. This set-up 
observed larger global flow patterns. The cameras were configured for a frame-rate of 10Hz 
and bursts of 20 images were stored in the camera’s memory. Typical sets of 100 images 
were taken for each acquisition sequence to allow sufficient averaging of the flow field from a 
given sample. Imaging areas ranged from 600mm x 400mm, up to a maximum of 2000mm x 
1500mm. Peak measurable velocities with this system were between 200 - 400 mm/s, 
depending on the magnification. 

The lower resolution camera was a Forward Looking Infrared (FLIR) Blackfly S BFS-PGE-
50S5C-C CCDs with a resolution of 2448 x 2048 pixels and a frame rate of 22 Hz. These 
cameras were positioned on the rail opposite the stretcher and allowed smaller ‘zoomed’ in 
areas of 250mm x 200mm, to look at more local flow structures. Peak measurable velocities 
were similar to the high resolution PIV system. 



The seeding system was initially based on mineral oil smoke seeder and prior to PIV 
acquisition, the seeder was turned on for around 1 minute and then left for a further minute 
to allow any transients from the seeder heater to damp out and to allow the smoke seeding 
to distribute more evenly around the interior. The particle size generated by oil smoke 

seeder, was estimated to be 1m from the particle dispersion measurements, ensuring a low 

settling velocity of less than 100mm per hour, ensuring no particle lag when tracking the air 
flow [17]. This particle size is also consistent with human produced aerosols (see section 
2.4). Following a recording sequence, the smoke would then be removed by turning off the 
laser and ventilating the whole saloon volume by use of the vent fan on extract. This ensured 
more contrast in the PIV images. 

A second LaVision Helium bubble seeder was also employed to seed the flow and improve 
the particle image quality. This was because the smoke seeding density was found to be 
difficult to control and typically would over-seed the volume, resulting in the requirement to 
process the sets of images using larger interrogation regions, discussed in the next section. 
Use of the Helium bubble seeder also allowed high quality flow visualisation images to be 
generated by the adding together 7 – 8 image sets, to give quantitative flow visualisation. An 
example of the different flow visualisation and PIV images is shown in Figure 4. 

2.2.3.  Data Processing Methods 

Following acquisition of data from the PIV cameras, the higher resolution image sequences, 

such as the Sony 600 image sequences, were converted into 24-bit bitmap bmp images 

and then 8-bit *.bmp greyscale format, using the Matlab Image Processing Toolbox. The 8-
bit PIV images were uploaded onto a high performance computer for processing using an in-
house PIV processing software ‘xpiv’, as described in [19]. Sequences of 20 images were 
processed using a cross-correlation averaging routine [20] to improve the signal-to-noise on 
the images. The PIV data yielded an average two-dimensional vector map of the flow, in the 
image plane. Typical interrogation region sizes with images from the Helium Bubble seeder 
were set to 128 x 128 pixels, with 1500 vectors per dataset, corresponding to a spatial 
resolution of around 18mm per point. 

With the PIV images from the smoke seeding, the interrogation region size for the higher 
resolution images was increased to 512 x 512 pixels, to allow the correlation to be based on 
smoke generated patterns, rather than particle images. This non-standard approach allowed 
effective processing over a wide range of smoke densities and was most effective at the 
early stages of smoke dispersion, when the local smoke patterns were well defined. In this 
case, spatial resolution reduced to around 30mm and around 1000 vectors per image. In all 
cases, the raw output velocity data was subsequently filtered using an a-priori range and 
smoothed using a 3 x 3 Gaussian kernel smoothing window, to remove data noise. 

The lower resolution GoPro images were also processed using the same methods as 
described previously. This data would allow more general quantitative analysis of bulk 
movements of the flow in the saloon. However, in this case, due to the highly defined shape 
of the light sheet in the images and the background (see Figure 4a), an image mask was 
applied to isolate the data from the light sheet area, during conversion of the images (Figure 
5). This mask was then applied to a sequence of 700 images which were processed with an 
interrogation region mask of 32 x 32 pixels to yield 800 vectors with an average resolution of 
40mm. A monitor point was then selected from the vector maps to track bulk movement of 
the flow. These results will be discussed in section 3. 

 



2.3.  Hot Wire Anemometry Measurements 

To supplement the flow visualisation and PIV measurements, a hand-held hot wire 
anemometer (HWA), model Solomat MPM500e, was positioned at 40 points around the 
same PIV measurement plane and a series of single, horizontal u component, mean velocity 
measurements were made, through a range of fan extraction and driving conditions. The 
measurement points and data are shown in Figure 6. These data were used for comparison 
with quantitative PIV data from the flow visualisation and for overall interpretation of the 
saloon flow patterns. They also allowed measurements of higher peak velocities near the 
ceiling vent fan, where velocities exceeded 1 m/s under some test conditions and which 
were outside the PIV dynamic range. The stated resolution of the HWA unit was 0.01 m/s 
with a peak measurement range up to 15 m/s. However, measurements were recorded 
when the velocity on the unit display was stable to within +/-0.1 m/s, at each measurement 
point.  

2.4.  Particle Dispersion Measurements 

To quantify the effect of the ambulance saloon ventilation and flow field on the particle 
dispersion, a further set of measurements were taken using the smoke seeding and a 
GRIMM optical particle counter. The general principle of these measurements was to 
monitor the particle decay in the saloon under different driving and fan extraction conditions 
and qualitatively relate this effect to the flow field observations. The mean particle size of the 

smoke was known to be under 1m and therefore would be consistent with the size of any 

neutrally buoyant aerosol that may disperse inside an ambulance from a patient [21]. Given 
an initial condition, by monitoring the dispersion rate of the particles, it was expected this 
could give estimates of gross effects of the flow field ventilation system, on the improvement 
of cabin air quality. 

For all measurements, the counter was set-up to sample a particle size range of 0.25m – 

32m, every six seconds, with a flow rate of 1.2 litres per minute. In these measurements, 

with the ambulance saloon clear of any visible smoke, a background count was taking using 
the GRIMM and an initial injection of smoke for was made 30 seconds in the cabin. The 
smoke was then left to disperse around the cabin for two minutes, before measurements 
began. The particle count was then monitored and the dispersion rate analysed. In all cases, 
to ensure a consistent comparison of datasets, all tests were normalised to 2000 /cm3 for a 
time series decay. 

A typical dispersion profile is shown in Figure 7, where the dispersion sequence is separated 
into a ‘natural’ decay rate and a ‘treatment’ decay rate, with the latter defined at a specific 
particle count level in the measurement sequence. The initial injection sequence is also 
visible at the beginning of the data sample. The ‘treatment’ decay rate is then analysed with 
respect to an exponential decay with a particle count y and constant a: 

� = ����          Eqn (1) 

such that the decay rate of interest is defined through the exponent constant b, using best fit 
curve statistics for each portion of the time sequences. A summary of the different dispersion 
rates is shown in Figure 8 and will be discussed in the next section. 

2.5.  Laboratory Environment and Challenges 

Several challenges needed to be overcome due to the unusual environment of the 
ambulance laboratory, particularly with the vehicle in motion. 



One of the key challenges of the PIV set-up was vibration of the camera mounts and 
movement of the laser sheet, during vehicle motion. A continuous laser sheet was found to 
be more susceptible to vibration, as the particle images would streak due to the long 
exposure times required for particle exposures, with the low and high resolution cameras. 
This problem was reduced by using a scanning laser sheet system, which both increased 
the effective laser power of a given particle exposure, but also allowed for larger imaging 
areas. A pulsed laser would have provided a greater increase in power, but the health and 
safety considerations were thought to be unacceptable, given where the vehicle was driven 
and operated.  

Camera mount vibration was also reduced, by using cross braces on the mounts and 
securing the camera mounts off rigid structures such as seat bases. Furthermore, any 
auxiliary equipment was mounted on the floor and braced onto firm structures such as 
cupboard frameworks. Space was limited too and so positioning of equipment in the saloon 
needed care planning before any operation. 

Further considerations in the PIV set-up were live and remote viewing of the camera view 
and remote triggering of the cameras. In the first case, HDMI cable extensions permitted a 
live camera monitor in the saloon or driver’s cabin and an extended length of shutter cable, 
with an electronic shutter, was adapted for triggering the high resolution camera remotely. 
Remote operation of the camera not only reduced operator induced vibration when 
triggering, but also allowed operation from the driver cabin where necessary. This flexibility 
of the set-up also provided more options, when different seeding material and seeding 
densities were being tested in the saloon. 

 

3. Results and Discussion 

The following section outlines the results from the flow visualisation and particle dispersion 
measurements and then discusses the general flow patterns and particle dispersion 
characteristics under the different vehicle driving conditions and saloon extraction settings. 
Velocity and flow visualisation datasets use a common origin and axes set to aid any 
interpretation of the overall flow field patterns. 

3.1  Static and Steady Driving Flow Visualisation 

The steady state flow patterns established in the cabin were interpreted by analysing a 
combination of the HWA and PIV data. In general, when comparing data from both 
measurement systems, overall velocity magnitudes were comparable at equivalent positions 
in the flow plane, and the flow field patterns were consistent with both measurement sets, in 
any areas of data overlap. General flow patterns observed in the flow visualisation were also 
similar to the quantitative data. Furthermore, during steady driving conditions up to 60 mph 
or whilst the vehicle was stationary, the general flow field patterns, for a given vent fan 
condition, did not appear to significantly change. This indicated a minimal effect of the front 
vents on the flow fields. 

The most significant changes in the gross flow fields and patterns were found with the vent 
fan on extract or intake mode. To illustrate this, Figure 9a and Figure 9b shows PIV data 
taken using the He bubble seeding under a vent off and vent extract condition. Here the 
change in the flow field from the quiescent vent off condition to vent extract condition is clear 
and supported by the flow statistics of Figure 9c, where the mean flow velocity increases 
from 27mm/s to 52mm/s when the vent fan is selected to extract. The other effect of the vent 
extract is to move the bulk flow away from the patient area, which would be critical in 



improving the air quality around the patient. Therefore not only does the extract function 
increase the bulk flow velocities, it also ensures a preferable flow direction over the patient. 
In this case, the HWA data in vent extract mode generally matched the data recoded using 
the PIV method, at corresponding points in the flow field. 

Evidence of the effectiveness of the ceiling vent system for cabin ventilation was also found 
from the HWA data. Figure 6 shows the general u component flow field magnitudes for the 
vent extract and vent intake modes. It can be seen that the vent intake mode provides 
significantly higher velocities near the ceiling, increasing the flow speed near the vent outlet 
from around 300mm/s in extract mode, to 1000mm/s or higher in intake mode. The intake 
mode also reverses the flow direction near the ceiling when compared to extract. This 
additional flow speed is highly localised near the ceiling vent, as 200mm from the vent area, 
the bulk flow velocities have reduced to 100mm/s – 300mm/s in intake mode. This matches 
velocity magnitudes in extract mode. However, as will be discussed in section 3.3, the 
reverse in flow direction to intake rather than extract, has a major effect on the flow patterns 
around the saloon, but less effect on the particle dispersion rates. 

The variation in particle dispersion rates, both with different driving and vent conditions is 
highlighted in Figure 8, where it can be seen, that under static vehicle or constant speed 
driving conditions, there is little variation in the particle decay rates in the saloon. There is a 
slight improvement in the decay rates when the fan is set to extract rather than intake, in 
static driving conditions. But this variation is within the standard deviation of the natural 
decay rates and may also be connected to the vent configuration on the ambulance roof. 
Here local flow patterns around the ceiling vent area may be more affected in extract mode 
whilst static, than when the vehicle is driving as the vent on the vehicle roof is influenced by 
variations of dynamic pressure. However, it is clear that ventilation effectiveness in the 
saloon, consistent with the higher particle decay rates, will be achieved in either extract or 
intake modes and this reinforces the findings of the PIV and HWA data. 

3.2.  Dynamic Driving Flow Visualisation 

The experimental set-up allowed recording of flow visualisation and PIV data throughout the 
driving measurement session, from vehicle start to shut down. During initial measurements 
inside the vehicle, basic observations of the GoPro video appeared to show significant 
movement of the bulk flow when under dynamic driving conditions, independent of the 
extract or intake vent settings. Therefore a sequence of GoPro images was processed using 
the xpiv software, to analyse the flow movement in the saloon. Samples of these PIV vector 
maps are shown in Figure 10a and Figure 10b. It should be noted that the scaling is not 
linear due to the GoPro viewing angle. The results are taken at known times in the video 
sequence where the bulk flow was observed to have changed direction. This effect is 
confirmed in the vector maps, where the flow is moving away from the front of the saloon at t 
= 5.0s and then reverses towards the front of the saloon by t = 11.3s. In this particular time 
sequence, the vehicle was accelerating from less than 10mph to approximately 30mph and 
then braking again to less than 10mph. 

To further quantify this bulk movement, a sample point was selected in the centre of the 
vector fields, at x = 1450mm, y = 580mm, and the u component of velocity plotted for the full 
image sequence of 700 samples, as shown in Figure 10c. The plot shows a clear change in 
direction of the bulk fluid flow at around t = 6.5 seconds, with further evidence of a shift in 
flow direction at t = 15s. The bulk change is in the order of 200mm/s and originates from an 
inertial difference, imparted on all the saloon fluid during the vehicle braking or acceleration. 
This fluid inertial change thus exceeds the steady state fluid inertias in the flow field, when 
the vehicle was initially driving at constant speed. This is consistent with the dominant range 



of velocities in the steady condition, which are of the order of 100mm/s in the flow field. 
Therefore with a change in the vehicle velocity in excess of this, the momentum change of 
the fluid bulk must generate a force in excess of these local fluid inertias, resulting in these 
bulk flow reversals, as seen in the data. 

This finding has significant consequences for the fluid mixing and aerosol dispersion in the 
vehicle and may enhance mixing or aerosol dispersion, as shown in the results in Figure 8. 
However, this flow movement may also degrade the effectiveness of the vent induced flow 
field, to remove aerosols from the patient area, for example on extract. It is unlikely a higher 
power extraction system would be able to overcome the bulk fluid motions generated 
through fluid inertia changes, under these dynamic driving conditions. Hence, to retain a 
consistent removal of aerosol from the patient area under dynamic driving conditions, a more 
localised extract system may be required. 

3.3.  General Flow Pattern Interpretation 

Given the different sources of flow field data and the GoPro flow visualisation videos, it is 
possible to construct a general interpretation of the expected flow field pattern patterns, 
under static or constant driving conditions. Based on the patient centreline plane, Figure 11a 
and Figure 11b show the predicted flow patterns for the extract and intake vent modes. 

If we consider the extract flow field, it is thought to be dominated by a large recirculation 
zone, which is primarily driven by a ceiling jet convecting towards the vent and reinforced by 
flow from the front vent. There may be a slight reinforcement of this flow by the front vent 
under driving conditions, but none of the particle dispersion or flow field data had evidence of 
this. Flow speeds in this primary zone peaked at around 300mm/s nearer the ceiling, 
reducing to less than 50mm/s in the region of the patient. Flow visualisation data from the 
rear area of the saloon also suggested the existence of much smaller recirculation and dead 
zones, which is consistent with expected flow topology and continuity patterns. 

If we consider the intake flow field, this field is dominated by a much higher speed ceiling jet, 
up to 1400mm/s in the vent region, but more typically around 1000mm/s towards the front 
side of the saloon. This ceiling jet pattern is thought to generate two primary recirculation 
zones in each half of the saloon which converge up towards the vertical centreline of the 
vent. This flow was found to be highly turbulent in areas nearer the ceiling and in some 
cases only HWA data could be measured in these regions, as the level of turbulence 
prohibited measurement using PIV using the smoke or He bubbles. Given the inertial 
strength of the ceiling jet, flow visualisation did not indicate any substantial influence of the 
front vents on these gross flow patterns, with no known dead zones, although it is thought a 
smaller secondary circulation zone existed towards the rear of the saloon. However, away 
from the ceiling jets, where the main recirculation zone velocities were less than 100mm/s, 
the effects of the dynamic vehicle driving were still found to disrupt the primary recirculation 
patterns, as with the extract mode. 

In terms of particle dispersion, it is thought in this intake mode, the particles are removed 
through the peripheral ventilation vents or door gaps, around the saloon structure, with 
significant levels of turbulence, dispersing the particles throughout the saloon. This contrasts 
to the extract mode, where the vast majority of the particles are removed through the ceiling 
vent with a less turbulent flow field. 

 

 



4. Conclusions 

This work has presented what is thought to be seminal flow field and particle dispersion data 
from an NHS ambulance, under static and dynamic driving conditions and different 
ventilation modes. The particle dispersion data was based on particle characteristics that are 
similar to those generated by patients in the ambulance. The work was completed as part of 
a UK COVID19 Pandemic Preparedness program and used a standard NHS ambulance as 
a flow visualisation laboratory. 

Results from the flow visualisation and PIV data, in a plane positioned above a potential 
patient, indicated a significant influence of the ceiling fan ventilation system on gross flow 
field behaviour, inside the ambulance saloon. With the ventilation fan on extract or intake, 
flow velocities were found to double from a quiescent condition, to around 50mm/s – 
100mm/s, moving the flow away from the patient area. The particle dispersion data also 
showed dispersion decay rates over five times faster when using the ceiling fan in either 
intake or extract mode. These results were found to be consistent whether the vehicle was 
stationary or driving at a constant speed of 60mph. 

Flow visualisation and HWA data also indicated gross flow patterns were also expected to 
be influenced by use of extract or intake mode, with significant changes in the recirculation 
zone patterns under the two modes. Further, the most turbulent flow was found to exist in 
the intake mode where the highest speed ceiling jets were generated.  

Further flow visualisation data with the vehicle under dynamic driving conditions, such as 
acceleration or braking, was found to substantially disrupt the steady state flow patterns in 
the saloon, with bulk movement of the flow in the direction of the acceleration or braking 
action. This was attributed to the inertial effect on the bulk fluid originating from the braking 
or accelerating force. Under these conditions, the magnitude of the net velocity change on 
the fluid exceeded any effect generated from the ceiling ventilation system and this effect 
would be expected to happen under cornering and any other dynamic driving conditions. 
This result would indicate enhanced local ventilation may be required in the vehicle to 
prevent disruption of patient ventilation under all driving conditions. Therefore, a key 
question raised by this work was whether different ventilation modes and driving conditions 
affect the dispersion rates in the vehicle and the results show this to be the case. Hence, 
these findings may influence future operation of the ventilation systems and future saloon 
design. 
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Figure 1 – Mounting system with flow visualisation laser and particle counter 

 

 

Figure 2 – General layout of lab equipment in ambulance 



 

 

Figure 3 – Laser light sheet flow measurement set-up and axes (side view and plan view) 

  



 

 

a)  

b)  

c)  

Figure 4 – An example of the flow visualisation PIV images using a) the smoke generator and GoPro  b) 
the smoke generator and Sony 600 c) the Helium bubble seeder and Sony 600 



 

Figure 5 – An example of an 8 bit GoPro flow visualization image with the light sheet image mask for 
processing with the xpiv bespoke software 

  



 

a)  

b)  

Figure 6 – Hot Wire Anemometry (HWA) data about the patient centreline  a) vent fan intake  b) vent fan 
extract 

  



 

 

Figure 7 – A typical particle decay sequence taken using the GRIMM particle counter, following an initial 
injection of smoke in the saloon 

 

 

Figure 8 – Summary of aerosol dispersal characteristics under several driving conditions 

  



a)  

b)  

c)  

Figure 9 – PIV data  a) vent fan off  b) vent fan extract  c) velocity magnitude histogram. (note: in a) and b) 
63 mm/s and 126 mm/s are velocity vector scales and the distances x and y are referenced to the 

stretcher origin shown in Figure 3)  
  



a) 

 

b) 

c)  

Figure 10 – GoPro Transient PIV data for bulk velocity estimation – vent fan extract a) 5.0s  b) 11.3s  c) u 
sample point (x = 1450mm, y =  580mm) 

  



 

 

a) 

 

b) 

Figure 11 – Summary of vehicle saloon steady flow pattern interpretations under static and driving 
conditions a) fan extract   b) fan intake 
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