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Abstract 
Introduction A surgical side infection occurs in 2.9% of all operations in conventionally 

ventilated operating theatres in The Netherlands. New performance-based Dutch guidelines offer 
the opportunity to apply alternative systems. Therefore, a local operating theatre ventilation device 
which ventilates the wound area only, was investigated. The ventilation device is combined with a 
blanket which lies over the patient during the operation. First, a parameter study was applied in 
which two configurations were studied. Configuration 1 where HEPA-filtered air was supplied 
around and parallel to the wound area and configuration 2 where HEPA-filtered air was supplied 
from the top surface of the blanket, perpendicular to the wound area. The objective of the 
parameter study was to investigate sensitivity of both configurations with respect to six parameters. 
Next, the performance of a prototype of configuration 2 was studied in a full-scale setup. A similar 
approach was applied to a prototype of a ventilated instrument table.  

Parameter study The parameter study was conducted by steady-state RANS CFD simulations of 
a simplified setup. The setup consisted of a sideways contaminated airflow and a clean airflow which 
was able to represent the two configurations. Contaminants were modeled as a scalar. Particle 
deposition at the wound surface was evaluated, compared to a situation with no ventilation and 
only sideways contaminated airflow. The effect of supply velocity, turbulence intensity, supply 
temperature, contaminant velocity, size of the wound area and a heat flux of the wound were 
investigated.  

In isothermal conditions a relative particle deposition of 0% and 1% was found for configuration 
1 and 2 with a supply velocity of 0.1 m/s and 0.3m/s respectively. Both configurations were sensitive 
to a supply temperature higher than the ambient temperature. Furthermore, configuration 2 was 
sensitive to a higher turbulence intensity and a higher contaminant velocity. 

Full-scale experiments The performance of a prototype of configuration 2 was studied in a full-
scale operating theatre (6.8x6.0x2.8 m) in an at rest situation. Particle measurements of particles 
sized ≥0.5µm (n = 30) were performed according to the Dutch guideline VCCN no. 7 (2014), in which 
the relative particle concentration was measured by comparing the particle concentration in the 
wound area with a reference position in the contaminated periphery. A relative particle 
concentration of 0.1% in the wound area was required (WIP, 2014).  

In the center of the wound area, the relative particle concentration varied between 1.2% and 
11.0%. The wide range was probably caused by limitations of the prototype and an unstable 
contamination in the periphery. The ventilated instrument table showed a very stable performance, 
a concentration of 0.0% at the center of the tabletop was measured constantly. 

Conclusion The parameter study showed that a large reduction in particle concentrations could 
be achieved for both configurations. Furthermore, configuration 1 showed a better performance 
than configuration 2 with respect to the particle deposition at the wound. In the full-scale 
experiments it was demonstrated that the ventilating instrument table satisfied the requirements by 
the WIP (2014). Therefore, further research should focus on practical application in the real 
environment. The ventilating blanket did not meet the requirements, but showed potential for 
application in the operating theatre. A new configuration where filtered air is supplied around the 
wound area and from the top surface of the blanket would be a promising solution for further 
research.  

Besides application in an operating theatre the local ventilation devices could offer a solution 
for operations outside the operating department. In rooms without the availability of a high-end 
ventilation system, improved air quality conditions are possible (e.g. treatment rooms, field 
hospitals). 
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Samenvatting 
Introductie Een postoperatieve wond infectie treedt op in 2,9% van alle operaties in 

conventioneel geventileerde operatiekamers in Nederland. Nieuwe Nederlandse richtlijnen die zijn 
gebaseerd op een prestatie gebonden aanpak bieden de mogelijkheid om alternatieve 
ventilatiesystemen te ontwikkelen. Om deze reden is een lokaal ventilatiesysteem voor in de 
operatiekamer onderzocht dat alleen het wondgebied voorziet van schone lucht. Het 
ventilatiesysteem is gecombineerd met een deken die over de patiënt ligt gedurende de operatie. 
Eerst zijn met behulp van een parameter studie twee configuraties onderzocht. In configuratie 1 
werd HEPA-gefilterde lucht toegevoerd rondom en parallel aan het wondgebied. In configuratie 2 
werd HEPA-gefilterde lucht toegevoerd vanuit het oppervlak van de deken, in loodrechte richting op 
het wondgebied. Het doel van de parameter studie was om de gevoeligheid van de configuraties te 
onderzoeken met betrekking tot 6 parameters. Vervolgens is de prestatie van een prototype van 
configuratie 2 verder onderzocht in een één-op-één-opstelling, waarbij een vergelijkbare aanpak was 
toegepast op het prototype van de geventileerde instrumenten tafel.  

Parameter studie De parameter studie is uitgevoerd met behulp van steady-state RANS CFD 
simulaties van een vereenvoudigde opstelling. De opstelling bestond uit een zijdelings vervuilde 
luchtstroom en een schone luchttoevoer die de twee configuraties voorstelde. Deeltjes waren 
gemodelleerd als een passive scalar. Verschillende situaties zijn met elkaar vergeleken op basis van 
de deeltjesdepositie in de wond, in vergelijking tot een situatie zonder ventilatie en alleen de 
zijdelings vervuilde luchtstroom. Het effect van de toevoersnelheid, the turbulentie intensiteit van 
de toevoersnelheid, de toevoertemperatuur, de snelheid van de vervuilde luchtstroom, de grootte 
van het wondgebied en een warmtestroom van de wond zijn onderzocht.  

In isotherme situatie is een relatieve deeltjesdepositie van 0% en 1% gevonden voor 
configuratie 1 en 2 bij een toevoersnelheid van 0,1 m/s en 0,3 m/s, respectievelijk. Beide 
configuraties waren gevoelig voor een toevoertemperatuur hoger dan de omgevingstemperatuur. 
Verder was configuratie 2 gevoelig voor een hogere turbulentie intensiteit en hogere snelheid van 
de vervuilde luchtstroom.  

Één-op-één opstelling De prestatie van een prototype van configuratie 2 is verder onderzocht in 
een één-op-één operatiekamer (6.8x6.0x2.8 m) in een in rust situatie. Deeltjesmetingen van deeltjes 
≥0.5µm (n = 30) zijn uitgevoerd volgens de VCCN richtlijn 7 (2014), waarbij een relatieve 
deeltjesconcentratie werd gemeten door vergelijking van de deeltjesconcentratie in het wondgebied 
met de deeltjesconcentratie op een positie in de periferie. Een relatieve concentratie van 0,1% was 
vereist midden in het wondgebied (WIP, 2014). 

De relatieve deeltjesconcentratie varieerde tussen de 1,2% en 11,0% in het midden van het 
wondgebied. De grote spreiding van de resultaten werd waarschijnlijk veroorzaakt door de 
beperkingen van het prototype en een instabiele referentieconcentratie in de periferie. De 
geventileerde instrumententafel had een stabiele prestatie waarbij constant een relatieve 
concentratie van 0,0% werd gemeten.  

Conclusie De parameterstudie heeft laten zien dat een grote reductie in deeltjesconcentratie 
mogelijk is voor beide configuraties. Verder had configuratie 1 een betere prestatie dan configuratie 
2 met betrekking tot de deeltjesdepositie in de wond. De één-op-één metingen hebben aangetoond 
dat de geventileerde instrumententafel voldoet aan de WIP (2014). Verder onderzoek moet daarom 
focussen op praktische toepassing in een echte operatie omgeving. De geventileerde deken voldeed 
niet aan de richtlijn maar heeft aangetoond dat een sterke reductie in deeltjesconcentratie mogelijk 
is. Een nieuwe configuratie waarbij gefilterde lucht wordt toegevoerd rondom het wondgebied en 
vanuit het oppervlak van de deken is een veelbelovende oplossing voor verder onderzoek.  

Naast toepassing in de operatiekamer kan het lokale ventilatiesysteem een oplossing bieden 
voor operaties buiten het operatiekamercomplex. Een verbeterde luchtkwaliteit is mogelijk in 
ruimtes zonder hoogwaardige ventilatiesystemen zoals een behandelkamer of een veldhospitaal.  
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Abbreviations and definitions 
 
Abbreviations  

 
ACH Air change per hour 
CFD Computational fluid dynamics 
CFU Colony forming units 
IAQ Indoor air quality  
OT  Operating theatre 
RANS Reynolds-averaged Navier-Stokes 
RSM Reynolds stress model 
SSI Surgical side infection 
UDF Unidirectional flow 
UDS User defined scalar 
 
Definitions 
 
Class 1 OT Highest class for an operating theatre in The Netherlands and should 

meet the requirements of performance level 1 or 2 (WIP, 2014). 
 
Class 2 OT Operating theatre must be equipped with a mechanical ventilation 

system and supplied air must be HEPA-filtered (WIP, 2011). 
 
Clean area Area where the air quality meets the requirements of performance 

level 1 (WIP, 2014). Also referred to as protected area in the VDI 
2167 (2007) and clean zone in the NEN-EN-ISO 14644-1. 

 
HEPA-filter High-Efficiency Particulate Air filter. A filter class of H13 or H14 must 

be applied with an efficiency of respectively 99.95% and 99.995% on 
particles sized ≥0.3µm (WIP, 2014). 

 
ISO class The ISO class refers to the air cleanliness of a room in terms of 

concentrations of airborne particles. The ISO class is defined as the 
maximum allowable particle concentration (in particles per m3) for 
particles of a considered size (NEN-EN-ISO 14644-1). 

 
Operating theatre  Room which is suitable for surgical interventions (WIP, 2014). In 

literature sometimes also referred to as operating room or operating 
suite.  

 
Performance level 1 The highest performance level for an operating theatre in The 

Netherlands. Requires a PC ≥2 at the vertices of the clean area, PC ≥3 
at the center of the clean area, a recovery time of ≤3 min at the 
center of the clean area, and ISO class 5 (≤3,520 particles per m3) in 
the clean area. All requirements apply to particles sized ≥0.5µm 
(WIP, 2014).  

 
Performance level 2 Requires an ISO class of 7 (≤352,000 particles per m3) and a recovery 

time of ≤20 min at the two positions where the highest particle 
concentration was measured during the ISO class measurements. All 
requirements apply to particles sized ≥0.5µm (WIP, 2014). 
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Periphery  Area in the operating theatre around the clean area. This area makes 

it possible to assist the operating team members around the patient. 
Anesthesia, other medical devices and assistants of the surgical team 
are typically working in the periphery (VCCN, 2014).  

 
Protection class Is the logarithm of the quotient of the particle concentration 

measured in the clean area and the particle concentration outside 
the clean area (i.e. periphery). The protection class defines the 
protection that the ventilation system offers against the penetration 
of contaminants from outside the clean area (i.e. periphery) into the 
clean area (WIP, 2014).  

 
Recovery time Time needed by the ventilation system to achieve a 100-fold 

reduction after the particle concentration was increased (WIP, 2014). 
 
Relative particle concentration The relative particle concentration is used in the parameter study 

and full-scale measurements. In the parameter study measured 
particle concentrations were normalized with respect to a situation 
with no ventilation and only a sideways contaminated airflow. 
In the full-scale measurement the relative particle concentration is 
the quotient of the particle concentration measured in the clean 
area and the particle concentration outside the clean area (i.e. 
periphery). In the full-scale setup the relative particle concentration 
is similar to the protection class but not expressed on a logarithmic 
scale.  

 
Relative particle deposition The relative particle deposition is used in the parameter study. The 

relative particle deposition refers to the number of particles 
deposited at the wound surface normalized with respect to a 
situation with no ventilation and only a sideways contaminated 
airflow. 

 
Surgical side infection  Infection gained during a surgical intervention, which in general 

accounts for serious health hazards for the patient and higher costs 
for the hospital. Sometimes in literature also referred to as 
postoperative wound infection.  

 
Treatment room  Room outside the operating department, suitable for surgical 

interventions with a low infection (WIP, 2011). 
 
Ultra-clean air  A level of sterile air with a bacterial count of less than 10 CFU per m3 

(Whyte et al., 1983). 
 
Unidirectional flow  Airflow pattern in one direction with low turbulence. In literature 

sometimes the term ‘laminar flow’ is used. However, this 
terminology is incorrect as the flow is in reality not fully laminar 
(WIP, 2014). 

 
VCCN  Dutch association of contamination control (www.vvcn.nl).  
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WIP  Dutch association of infection prevention (www.wip.nl). The WIP 
establishes Dutch national guidelines for the prevention of infections 
in Dutch healthcare institutions.  

 
Wound area  Includes an area within 300 mm of the wound (HTM, 2007).  
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1 Introduction 
The introduction starts with an introduction to the research subject and continues with the direct 
motivation for this study. In the third subsection the studied local ventilation system is explained 
and next the research questions are presented. The introduction concludes with a section which 
introduces the reader to the remaining chapters of this report and relevant research which was 
performed parallel to this study.  

 
1.1 Literature review 
Between 2002 and 2011 2.9% of all surgeries resulted in a surgical side infection (SSI) in the 
Netherlands (PREZIES, 2012). A SSI can result in another operation, permanent injuries or even 
mortality of the patient. Besides a serious health risk of the patient, SSIs are associated with 
increased healthcare costs. Knobben et al. (2006) estimated the direct medical costs of treatment of 
a septic joint, caused by a SSI, are around €40,000. 

A randomized control trial study by Lidwell et al. (1982) found strong evidence that ultra-clean 
ventilation in operating theatres (OTs) reduces the incidence of a SSI. The correlation between the 
airborne contamination and the incidence of a SSI is depicted by Figure 1a. Furthermore, it was 
suggested ultra-clean air as well as prophylactic antibiotics had an independent and cumulative 
effect on reducing SSI (Lidwell, 1982). Besides, Whyte et al. (1982) estimated 30 % of the bacteria 
directly deposited in the wound while the majority came by indirect routes, e.g. deposition on 
instruments and prosthesis. Finally, it was noticed that the importance of indoor air quality (IAQ) in 
OTs is of particular importance in clean operations, with limited risk of bacterial contamination from 
within the body of the patient (Lidwell et al., 1982).  

 

 
Figure 1 Relationship between air contamination in the operating theatre [CFU/m3] and surgical side infections [%] (Lidwell 
et al., 1983)  

 
Since the 1960s the effectiveness of multiple ventilation systems has been studied with respect 

to the airborne contamination in the OT. Studies focused on the design of horizontal or vertical 
unidirectional flow (UDF) ventilation systems and operation cabins which enclosed the operating 
team (Babb et al., 1995; Friberg et al., 1998; Levenson et al., 1986; Whyte et al., 1973). These 
systems used large volumes of air and were generally able to achieve the standards for ultra-clean 
air suggested by Whyte et al. (1983). The limited space available for the operating team is one of 
their main constraints. Furthermore, several researches investigated the effectiveness of local 
ventilation systems (Friberg et al., 2002; Friberg et al., 2003; Klems et al., 1981; Pasquarella et al., 
2007; Person and Van der Linden, 2004; Sossai et al., 2011; Stocks et al. 2011; Thore and Burman, 
2006; Van der Waaij et al., 1976; Whyte et al., 1992). In most studies a level of ultra-clean air was 
achieved, although it was suggested that the performance is critical to proper use. Furthermore, the 
work process of the operating team was sometimes stressed by the presence of a local ventilation 
unit. An extensive literature review on ventilation systems is discussed in Loogman and De Visser 
(2014).  
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1.2 Motivation  
In the last decades, guidelines regarding the IAQ in OTs were developed by governments or 
professional organizations (e.g. ASHRAE, 2003; HTM, 2007; VDI 2167, 2007). In 2004 a first guideline 
which described the minimum requirements for an OT in the Netherlands was introduced (CBZ, 
2004). One year later, a guideline regarding the IAQ in OTs in the Netherlands was introduced, in 
which a vertical UDF ventilation system was obligated (WIP, 2005). Revision of the Dutch guideline 
towards a performance based approach was the direct motivation for this research (WIP, 2014). A 
performance based approach offers the opportunity to develop alternative ventilation systems. This 
study aims for testing of a local ventilation system, which is explained in more detail in the next 
section. 

The WIP (2014) defines two performance levels which apply to OTs with the highest 
classification in The Netherlands (class 1 OTs). The method for testing is described in the VCCN 
(2014). In this study the highest performance level defined by the WIP (2014), performance level 1, 
was used for interpretation of the results. 

 
1.3 Local ventilation system 
In this study a ventilating blanket was studied which lies over the patient during the operation. Two 
configurations were studied illustrated by Figure 2. In configuration 1 clean air was supplied around 
and parallel to the wound, while in configuration 2 clean air was supplied from the top surface of the 
blanket. A similar approach was applied to the instrument table (Figure 3). The ventilating blanket 
could be combined with an active warming device (e.g. forced-air warming) to control the IAQ as 
well as the body temperature of the patient during surgery, however, this was not included in this 
research.  

 

  
Figure 2 Schematic section of the ventilating blanket, (a) configuration 1 with clean air supplied around and parallel to the 
wound area and (b) configuration 2 with clean air supplied from the top surface of the blanket 

 

  
Figure 3 Schematic section of the ventilating instrument table, (a) configuration 1 with clean air supplied perpendicular to 
the tabletop and (b) configuration 2 with clean air supplied from the tabletop 

 
1.4 Research questions 
The objective of this study was twofold. First, to investigate the sensitivity of the ventilation devices 
to six parameters, with respect to the particle deposition in the wound area. Secondly, to investigate 
the performance of the ventilation systems in a full scale setup, according to the Dutch guideline 
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VCCN (2014). The main research question and sub-questions were defined as stated below.  The 
hypothesis was that the local ventilation systems would satisfy the requirements defined by the WIP 
(2014).  

 
Research question: 

 What is the performance of the ventilation systems with respect to particle measurements 
in an at rest situation? 
 

Sub questions: 
o What is the sensitivity of the ventilation devices to six parameters with respect to the 

particle deposition in the wound, according to a parameter study by CFD-simulations? The 
six parameters are, supply velocity, turbulence intensity of the supply velocity, supply 
temperature, contaminant velocity, size of the wound area, and heat flux generated by the 
wound. 

o What is the performance of configuration 2 of the ventilation device in a full-scale 
measurement setup, according to the VCCN (2014)? 

 
1.5 Structure of the report 
The structure of the report and other relevant research is shown in Figure 4. Prior to this research a 
literature study by Loogman and De Visser (2014) investigated possible alternative ventilation 
systems and key performance indicators with respect to the performance of a ventilation system in 
an OT. Following Loogman and De Visser (2014), the performance of a local ventilation device is 
studied in this research. The research described in this report was split in two major parts defined in 
chapter 2 and 3. Chapter 2 describes the performed parameter study with the help of a numerical 
model. Chapter 3 focuses on a full-scale experimental setup of configuration 2 according to the 
VCCN (2014). Both parts consist of four sections which are method, results, discussion and summary. 
The report is completed with chapter 4 which gives a final conclusion on the report and 
recommendations for further research. Parallel to this research a study by De Visser (2014) 
investigated the performance of both system configurations as well. The research by De Visser 
(2014) distinguishes itself in method of the parameter study and furthermore the performance of a 
prototype of configuration 1 was investigated in the full-scale setup.  
 

 
Figure 4 Structure of the report and analogy with other research. This research is a continuation on the literature study by 
Loogman and De Visser (2014). Parallel to this study De Visser (2014) performed an experimental parameter study of which 
the particle measurement data were used for the validation CFD model, described in chapter 2. During the full-scale study 
a prototype of configuration 2 was studied in this report (chapter 3), while De Visser (2014) investigated the performance 
of a prototype of configuration 1 
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2 Parameter study 
Chapter 2 describes the parameter study with the help of CFD simulations. First the quantities of the 
numerical model, including geometry and discretization, boundary conditions, solver settings and 
validation of the sub-models are discussed (section 2.1.1). In section 2.1.2, the investigated 
parameters are explained. Section 2.2 shows the results of the parameter study, which are discussed 
in section 2.3. The chapter ends with a conclusion of the parameter study and recommendation for 
the full-scale experimental setup (section 2.4).  

 
2.1 Method 
The aim of the parameter study was to identify the sensitivity of the ventilation devices to six 
parameters, with respect to the particle concentration in the wound area. Several methods are 
available for prediction of the performance of ventilation systems. Techniques ranging from 
qualitative (i.e. airflow visualization) to quantitative (i.e. particle measurements) and from 
experimental tests (e.g. scale or full scale models) to airflow simulations (e.g. CFD) (Chen, 2009; Tang 
et al., 2011). An extensive overview of possible methodologies is provided by Chen (2009) and Tang 
et al. (2011).  

This study aimed for quantitative assessment of the performance of the ventilation devices. For 
this reason, computational fluid dynamics (CFD) was assessed to be a suitable method for the 
parameter study. CFD has a several advantages over experimental methods which are: (1) CFD 
provides whole-flow field data (i.e. relevant parameters in every point of the domain); (2) 
simulations can be performed at full-scale, which avoids incompatible similarity requirements at 
reduced-scale models; and (3) CFD allows for full control over the boundary conditions and easily 
and efficiently allows parametric studies to be performed (Ramponi and Blocken, 2012).  
 

 
Figure 5 Origin of the geometry for the parameter study. The geometry represents the wound area with a contaminated 
airflow coming from the side of the surgeon and HEPA-filtered air supplied at the wound area (configuration 1) 

 
2.1.1 CFD model 
 
Geometry  
The simulations were performed on a model 1.00 m x 1.00 m x 1.11 m (L x W x H), which represents 
the wound area of the patient (Figure 5). The model consisted of a sideways contaminated airflow 
coming from the operating team and clean air supplied around the wound. A sideways contaminated 
airflow was coming from the operating team, because besides the patient this is the main source of 
bacteria in the OT (Woodhead et al., 2002). The model was a replica of the full-scale experimental 
model used in a study by De Visser (2014), except from the conditioning sections. Furthermore, 
details of the supply grilles close to the outside walls, far away from the area of interest (i.e. wound 
area), were simplified. The model was constructed in such a way that three configurations could be 
studied, depicted by Figure 6. The model consists of three supply sections and one outlet; a sideways 
supply section, a second supply section around the wound area and a third supply section over the 
horizontal surface, which surrounds the wound area (Figure 6).  The sideways supply section 
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supplied a unidirectional contaminated airflow (ambient air) over the wound area. The second and 
third supply sections supplied both a HEPA-filtered (H14 filter class, 99.995% efficiency) clean 
airflow. The supply grilles of the second and third supply area could be substituted by closed plates. 
By doing this, the three different configurations could be constructed. More details of the 
experimental model are attached in appendix B and D.  

 

 
Figure 6 Three configurations studied in the CFD model, section at z = 0.4L (Figure 9). The black thick lines represent the 
wall boundaries, the dashed lines represent the inlets and the grey line represents the outlet. (a) Reference situation 
without ventilation and only a sideways contaminated airflow, (b) configuration 1 with filtered air supplied around the 
wound area, and (c) configuration 2 with filtered air supplied from the top surface of the ventilating blanket 

 

 
Figure 7 Impression of the studied grids in the grid sensitivity study, (a) coarse grid 182,250 cells, (b) middle grid 1,458,000 
cells, and (c) fine grid 4,000,752 cells 

 
Table 1 Characteristics of the coarse, middle and fine grid. y*-values were investigated at the surfaces for an area of 0.30 m 
around the center of the wound. Simulations for the parameter study were performed on the middle grid 

Grid Number of cells [-] Configuration 1 Configuration 2 
  y*(min) [-] y*(max) [-] y*(min) [-] y*(max) [-] 

Coarse 182,250 0.00 4.60 0.00 6.91 

Middle 1,458,000 0.00 2.08 0.00 1.85 

Fine 4,000,752 0.00 1.20 0.00 1.23 

 
Grid 
Gambit 2.4.6 was used for the construction of the computational grid. A non-uniform structured grid 
was constructed using the surface-grid extrusion technique presented by Van Hooff and Blocken 
(2010). It turned out that details in the model geometry (i.e. supply grilles) were very important for 
accurate airflow predictions. For this reason, the simulations were performed on a high resolution 
grid with at least 10 cells on each boundary (Franke et al., 2004). A grid sensitivity analysis was 
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performed by creating a factor 2 coarser grid and a factor √2 finer grid depicted by Figure 7. The grid 
sensitivity analysis was performed with a Reynolds Stress Model (RSM), with boundary conditions 
similar to validation study of the turbulence model. An overview of the grid properties for 
configuration 1 and configuration 2 are demonstrated by Table 1. Low Reynolds number modeling 
was desired because of higher accuracy compared to the use of wall functions (Van Hooff et al., 
2013). This desires y*-values around 1, however, the y*-values for the middle grid were considered 
sufficient, taking into account the computational time as well. The grids were compared 
quantitatively by equation 2.1 and 2.2 on 34 points depicted by Figure 9, which is comparable to the 
approach used by Van Hooff and Blocken (2010). Where X is the parameter used for comparison of 
the results, which is respectively the mean air velocity (U [m s-1]) and turbulent kinetic energy (k 
[m2s-2]). A complete overview of all the results of the grid sensitivity study is attached in appendix C. 
The relative error between the middle and fine grid were 2% and 101% for configuration 1 and 2% 
and 44% for configuration 2 for respectively U and k. Although the relative error on turbulent kinetic 
energy (k) is large Figure 8 illustrates that absolute differences are very small, in particular close to 
the wound surface (i.e. lower side of the model). The middle grid was assessed acceptable for the 
purpose of this research, considering the accuracy of the model and the resolution of the grid.  

 
 

δ1 = ∑ |
𝑋𝑖;𝑐𝑜𝑎𝑟𝑠𝑒 − 𝑋𝑖;𝑚𝑖𝑑𝑑𝑙𝑒

𝑋𝑖;𝑚𝑖𝑑𝑑𝑙𝑒
| ∗ 100%

34

𝑖=1

 (2.1) 

  

δ2 = ∑ |
𝑋𝑖;𝑚𝑖𝑑𝑑𝑙𝑒 − 𝑋𝑖;𝑓𝑖𝑛𝑒

𝑋𝑖;𝑓𝑖𝑛𝑒
| ∗ 100%

34

𝑖=1

 (2.2) 

 
 

 
Figure 8 Mean air velocity (U) and turbulent kinetic energy (k) at line (x, z) = (0.4, 0.5) for the coarse, middle and fine grid of 
(a-b) configuration 1 and (c-d) configuration 2. The y-axis represents the height of the model. Boundary conditions were 
similar to Table 2 (series I) of configuration 1 and 2. The largest differences between the grids were observed on line (x, z) = 
(0.4, 0.5) as could be observed in appendix C. 

 
Boundary conditions 
Boundary conditions were applied to represent the experimental model as close as possible. A 
uniform velocity profile perpendicular to the inlet surface was derived by validation measurements, 
attached in appendix B, and applied to each inlet. The turbulent kinetic energy (k), dissipation rate of 
turbulent kinetic energy (ε) and the specific dissipation rate (ω) were calculated by equation 2.3-2.5, 
where I is the turbulence intensity defined as u’RMS/U and Cµ is an empirical constant equal to 0.09 
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(ANSYS FLUENT, 2011). The turbulent characteristic length scale was defined as 𝑙𝑜  =  0.1ℎ, where h 
is the height of the inlet (Nielsen, 1990).  

In a study by Joubert et al. (1996) it was reported turbulent characteristics did not have an 
effect on the mean airflow pattern. However, proper modeling of turbulent quantities is important 
for accurate predictions of indoor pollutant transport (Cao and Meyers, 2013; Joubert et al., 1996). 
Definitions of turbulent characteristics like  𝑙𝑜 were not evaluated, because results should be directly 
compared to results of the particle measurement data, which was not available at that time of the 
research. Direct comparison on  𝑙𝑜 or ε derived from airflow measurements was useless as the 
definition is based on the same assumptions. 

 

𝑘 =
3

2
(𝑈𝐼)2 (2.3) 

  

𝜀 = 𝐶µ
3/4 𝑘3/2 

𝑙𝑜
 (2.4) 

  

𝜔 =
𝑘1/2

𝐶µ
1/4

𝑙𝑜

 (2.5) 

 
Zero static pressure was applied to the outlet, with 5% turbulence intensity and 𝑙𝑜 equals 0.1 m 

in case of backflow occurs. The surfaces were modeled as smooth surfaces, with roughness height 
(ks) equals 0.0 m and roughness constant (Cs) 0.5 (default settings). 

For the non-isothermal case a uniform temperature distribution was assumed over the inlets. 
The horizontal surface which represented the top surface of the blanket and surfaces around the 
wound equalized the supply temperature of the ventilating blanket. Other surfaces were assumed to 
have a similar temperature to the ambient temperature. The heat flux from the wound was 
neglected to make the particle data comparable to the measurements by De Visser (2014).  

 
Solver settings 
The simulations were performed in ANSYS Fluent version 14.5.1 (ANSYS FLUENT, 2011). Among 
various issues in CFD engineering, proper selection of a turbulence model is a key issue, which 
affects directly the simulation accuracy and efficiency (Zhai et al., 2007). For this reason a validation 
study was performed to investigate which turbulence model showed the best performance. 
Although it is widely accepted that Large Eddy Simulation (LES) produce better results, the majority 
of the researches use Reynolds Average Navier-Stokes (RANS) equations because of less 
computational costs (Van Hooff et al., 2013). For similar reasons 3D steady RANS simulations were 
performed in this study.  

A review study by Zhai et al. (2007) concluded that there is no universally preferable turbulence 
model for indoor airflow simulation. Therefore, six different turbulence models were compared in 
the validation study, which have shown good performance in several studies (Van Hooff et al., 2013; 
Wang and Chen, 2009; Zhang et al., 2007). The turbulence models investigated in this study are the 
standard k-ε (Launder and Spalding, 1974), the Renormalization Group (RNG) k-ε model (Yakhot et 
al., 1992), a modification of the RNG model for low Reynolds number flows (ANSYS Fluent, 2012), 
the Realizable k-ε model (Shih et al., 1995), the shear-stress transport (SST) k-ω model (Menter, 
1994) and a Reynolds Stress Model (RSM) (Launder et al., 1975).  

Pressure and velocity were coupled by using the SIMPLE algorithm.  Pressure interpolation was 
of second order and second order discretization schemes were used for both convection terms and 
viscous terms. The Boussinesq approximation was applied to consider the buoyancy effect. 
Convergence was assumed to be obtained when the residuals leveled off and residuals reached a 
level of 10-3 for x, y and z momentum, k, ε, continuity and the User Defined Scalar (UDS) and 10-6 for 
energy. Furthermore, convergence was checked on a position 0.12 m above the wound in the center 
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of the model, at which the particle model was validated by measurements of De Visser (2014). 
Convergence was assumed to be obtained when fluctuations in the mean air velocity (m s-1) and 
relative particle concentration (%) were less than 0.01 m s-1 and 0.1%, respectively.   

 
Validation turbulence model 
The simulation data were compared to measurement results in order to validate the model. The 
validation was divided in several stages as recommended in Chen and Srebric (2002). The validation 
of the continuous phase was divided over five measurement series, 3 isothermal and 2 including 
buoyancy effects. A sixth measurement series was performed, which included a heat flux in the 
wound area. However, these results are not of importance for this parameter study and therefore 
attached in appendix D. 

The model was validated on three parameters, used in all of the six considered turbulence 
models, in order to check if the airflow field, turbulent characteristics and temperature field were 
predicted correctly. The three parameters were the mean air velocity (U [m s-1]), turbulent kinetic 
energy (k [m2 s-3]) and temperature (T [oC]). The turbulent kinetic energy is an important measure for 
the amount of turbulence in the air and derived from the measured air velocity by equation 2.3. 
Measurements were performed at 34 positions, illustrated by Figure 9. The largest gradients of the 
measured quantities were expected close to the wound area. For this reason, the measurement 
positions were concentrated at these locations. The mean air velocity of the sideways contaminated 
supply surface (Uref) was used to make the velocities non-dimensional (U/Uref). For the turbulent 
kinetic energy and temperature a similar approach was applied (k/kref) and (T/Tref). 

 

 
Figure 9 Measurement positions used for the validation measurements of configuration 1 in the experimental model. The 
sideways air supply consisted of ambient air, while the air supplied perpendicular to the wound was HEPA-filtered. The 
wound area was located in the center of the model and measured 0.40x0.40x0.11 m (L x W x H). At section z = 0.5L the 
section cuts through the framework of the sideways contaminant supply surface. For configuration 2 and the reference 
situation without ventilation and only sideways contaminated airflow similar positions were used, (a) plan of the 
experimental model, (b) section at z = 0.4L and (c) section at z = 0.5L 

 
Airflow measurements were performed by a hot sphere anemometer (Sensor-Electronic, type 

SensoAnemo 5132SF) with an accuracy of ± 0.02 m s-1 + 1.5% of the readings. The air velocity was 
measured for a period of 3 minutes on each position with a sampling frequency of 10 Hz in order to 
capture sufficient flow characteristics and obtain sufficient data (Melikov et al., 2007). Important to 
notice is that due to the thermal inertia of the hot sphere anemometer, damping of the air velocity 
fluctuation occurs, which results in an underestimation of the turbulence intensity (Loomans and 
Van Schijndel, 2002). Temperature was measured by a thermistor (Sensor Data, type PR series) with 
an accuracy of 0.05 K. The temperature was measured for 3 minutes on each position with a 
frequency of 1 Hz. During the non-isothermal measurements the supply temperatures and the 
surface temperature at the top of the model were continuously monitored. The sensors were 
connected to a data logger, SQ2010 during the isothermal measurements and SQ2020 during the 
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non-isothermal measurements, with an accuracy of ± 0.1% of the readings + 0.1% of the range and ± 
0.05% of the readings + 0.025% of the range, respectively.  

Indoor airflow is often characterized by low airflow velocities and the flow regime may span 
from laminar to transitional to turbulent (Zhai et al., 2007). This is one of the major challenges in CFD 
engineering as most turbulent models were developed for fully turbulent flows (Van Hooff et al., 
2013). For this reason the validation study was performed for low supply velocities. The boundary 
conditions measured in the validation measurements and applied in the CFD model are 
demonstrated by Table 2. The slot Reynolds numbers were defined by Re = (U0h)/ν, where the inlet 
height (h) is chosen as characteristic length scale, and ν the kinematic viscosity of air at room 
temperature (20oC). Slot Reynolds numbers of the filtered air range between ≈ 400 and ≈ 2,000. This 
indicates that the airflow close to the inlets is probably laminar or in the transitional regime.  
 
Table 2 Overview of the boundary conditions at the inlets during the validation measurements, three isothermal situations 
and two non-isothermal situations. The configurations refer to definition in Figure 6.  The supply conditions were applied 
as boundary condition in the CFD simulations of the validation study. (*)If ΔT exceeded 7 K the measurement was excluded 
to prevent for large variations in the boundary conditions during one measurement series 

Config. Series Inlet ambient air  Inlet HEPA-filtered air  

  U [m s-1] I [%] T [oC] Re [-] U [m s-1] I [%] T [oC] Re [-]  ΔT [K] 

ref I 0.36 1 - ≈ 24,000 - - - - - 

1 I 0.36 1 - ≈ 24,000 0.13 4 - ≈ 600 - 

1 II 0.31 1 21.9 
 

≈ 20,000 0.09 45 34.1 
 

≈ 400 12.3 
 

2 I 0.36 1 - ≈ 24,000 0.11 2 - ≈ 2,000 - 

2 II 0.28 2 28.6 ≈ 19,000 0.12 5 22.6 ≈ 2,000 5.8* 

 

 
Figure 10 Results of the validation study of the turbulence model. Mean relative error of the turbulence models per 
parameter; (a-b) isothermal situation, average of the reference situation and configuration 1 and 2, (c-e) non-isothermal 
situation, average of configuration 1 and 2. Abbreviations refer to the six turbulence model: Ske = Standard k-ε, Rke = 
Realizable k-ε, RNG = Renormalized Group k-ε, LRN = Low Reynolds Number modification of the RNG model, SST = Shear-
Stress Transport k-ω, and RSM = Reynold Stress Model. 
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Figure 10 demonstrates the results of the validation study. All models showed similar 
agreement at the parameters mean velocity and temperature, while large relative differences were 
observed for the turbulent kinetic energy. The RSM model showed the best and most stable overall 
performance. For this reason the RSM model was applied. The mean relative error on the mean air 
velocity (U) and temperature (T) were respectively ≤10% and ≤5% in both isothermal and non-
isothermal conditions. The relative error on turbulent kinetic energy (k) was respectively 72% and 
94% for the isothermal and non-isothermal situation.  

The RSM model assumes that the turbulence is anisotropic and solves the transport equations 
for the individual Reynolds stresses. Furthermore, it turned out that the accuracy of the RSM model 
slightly decreased when the flow pattern became more complex, something which was also 
mentioned by Wang and Chen (2009). 

 
Particulate modeling 
Finally, a model was added to model the contaminants in the air. With the help of this the 
effectiveness of the ventilation systems was evaluated. There are three possible approaches for 
particulate modelling, which are the passive scalar, Eulerian approach and Lagrangian approach. The 
important difference is that inertial effects play only a role in the Lagrangian approach, while with 
the passive scalar approach contaminants have a gaseous behavior. Several studies indicated that 
for small particles all approaches yield similar results (Loomans and Lemaire, 2002; Makhoul et al., 
2013; Zhang and Chen, 2007; Zhang et al., 2009). However, Zhao et al. (2008) stated that the passive 
scalar and Eulerian model yield unacceptable results for particles sized 10 µm. However, many 
researchers suggested that the particle trajectories are still mainly determined by the accuracy of 
the solved flow field (Chao and Wan, 2006; Chen and Zhao, 2010; Wang et al., 2012; Zhang et al., 
2009; Zhao et al., 2004). 

As the WIP (2014) and VCCN (2014) consider particles sized ≥0.5 µm a passive scalar approach 
should give satisfying results. For this reason, a User Defined Scalar (UDS) was defined with an 
updated term for isotropic diffusivity to model the contamination (ANSYS FLUENT, 2011). The UDS 
represented a relative particle concentration in the model and ranged from 0-100%. The UDS of the 
contaminated air was defined as 100%, while the UDS of the clean air was defined as 0%. 

 
Validation particulate model 
The particle model was validated by measurement results of De Visser (2014). In the study by De 
Visser (2014) particles sized 0.5-0.7 µm were measured 0.12 m above the center of the wound. 
Simulation results of both configurations were compared to measurement results for variations in 
three different parameters, indicated by the performance indicator “particles in the air” in Figure 13. 
For each parameter 30 measurement samples of 0.5l, divided over two series, were conducted of 
which the median and range were reported (De Visser, 2014).  

From Figure 11 and Figure 12 it can be observed that the simulation results showed similar 
trends compared to the measurement data. The average difference in relative particle concentration 
between the simulation data and median of the measurement results was 19% for configuration 1 
and 3% for configuration 2. This means the accuracy of the passive scalar model for configuration 2 
was very good and showed better agreement with the measurement results than configuration 1. 
However, a small sensitivity study was performed by consulting the simulated particle concentration 
at +1 cm and -1 cm from the measurement position. It turned out that in case of configuration 1 the 
height of the measurement position was a critical parameter for the simulated particle 
concentration, while for configuration 2 no remarkable differences were observed. Furthermore, De 
Visser (2014) reported a poor reproducibility of the measurement results of configuration 1. This 
could be another explanation of the difference between simulation and measurement results. 
Therefore, it can be questioned whether these measurement data is reliable for validation of the 
passive scalar approach for configuration 1.  

Comparing configuration 1 and 2, the relative particle concentrations under isothermal 
conditions for configuration 2 was on average 15.0% (absolute value) lower compared to 
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configuration 1. This means that with respect to the relative particle concentration configuration 2 
showed a better performance than configuration 1 under isothermal condition. The non-isothermal 
situation could not be compared as different supply temperatures were used for configuration 1 and 
2.  

In conclusion, the performance of the passive scalar model was assumed sufficient for both 
configurations, keeping in mind that the objective was to test the sensitivity of both configurations 
to six different parameters. However, caution is required when absolute values are assessed for 
configuration 1.  

 

 
Figure 11 Simulation data  of configuration 1 compared to results of validation measurements by De Visser (2014) at 12 cm 
above the wound, position (x,y,z) = (0.50,0.01,0.50). Values of the validation measurements are the median value and 
range, red dot is the simulated relative particle concentration at the measurement position. Blue and green dot are the 
particle concentration at respectively +1 cm and -1 cm of the measurement position.  

 
Figure 12 Simulation data  of configuration 2 compared to results of validation measurements by De Visser (2014) at 12 cm 
above the wound, position (x,y,z) = (0.50,0.01,0.50). Values of the validation measurements are the median value and 
range, red dot is the simulated relative particle concentration at the measurement position. Blue and green dot are the 
particle concentration at respectively +1 cm and -1 cm of the measurement position. 

 
2.1.2 Setup parameter study 
With the help of CFD simulations the model’s sensitivity to six parameters was investigated. The 
investigated parameters were the supply velocity (Usupply), the turbulence intensity of the supply 
velocity (Isupply), supply temperature (Tsupply) and related temperature difference between the clean 
and contaminated airflow (ΔT), the velocity of contamination (Ucontam), size of the wound and the 
heat flux generated by the wound (qwound). First, the studied parameters are further explained and 
next the applied approach of the parameter study is defined. 
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Investigated parameters 
Figure 13 gives an overview of the investigated parameters and investigated range. Supply velocity 
of the clean airflow was limited to 0.3 m s-1 and 0.4 m s-1 for configuration 1 and 2 respectively, 
because of possible draught risk. Supply temperature and related temperature difference for 
configuration 1 was limited to the maximum supply temperature of a forced-air warming device, 
which was 43oC (Bair Hugger, 2014). A lower supply temperature was not considered because risk on 
desiccation of the wound. For configuration 2 a lower and higher supply temperature compared to 
the temperature of the contaminated airflow was studied, because desiccation of the wound is not 
critical. The velocity of the contaminated airflow was limited to 0.9 m s-1, which is approximately the 
velocity of a walking person (Tang et al., 2006). The increased wound area of 0.6 x 0.4 m was based 
on measures of an active warming device, which was used as reference point for the prototype of 
the ventilating blanket in the full-scale setup (Bair Hugger, model 570, 3M). Finally, a heat flux of 
45.5 W m-2 generated by the wound, was estimated based on the metabolism of an average human 
under thermal neutral conditions and average skin area of a young adult (Kingma, 2012). 

 

 
Figure 13 Schematic representation of the applied methodology of the parameter study. Two configurations of the 
ventilation device were studied. Their sensitivity was investigated to six different parameters by varying each parameter 
one-by-one with respect to a base case which served as starting point for the parameter study. Isothermal simulations are 
indicated by a grey contour, non-isothermal simulations are indicated by a red contour. Results were evaluated by the 
particle deposition at the wound. For the validation study particle concentrations (particles in the air) were compared to 
measurements by De Visser (2014) as discussed in the previous section of this report.  

 
Methodology 
For both configurations a base case was defined, which served as starting point for the parameter 
study. The characteristics of the base case are depicted by Figure 14. Next, each parameter was 
varied one-by-one as defined by Figure 13. The cases were compared on the base of the particle 
deposition at the wound surface, because particle deposition might offer a better risk assessment 
for SSI than counts of particles in the air (Friberg et al., 1999). The average particle deposition at the 
wound was normalized with respect to the reference case (Figure 6a, no ventilation) as 
demonstrated by equations 2.6 and 2.7.  However, it should be mentioned that the reference case 
showed a relative particle deposition of 100%, which made normalization superfluous.  
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𝐶𝑤𝑜𝑢𝑛𝑑  [%] =
∑ 𝐶𝑖

𝐴𝑖
𝐴𝑤𝑜𝑢𝑛𝑑

𝑛
𝑖=1

𝐶𝑟𝑒𝑓,𝑤𝑜𝑢𝑛𝑑̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
∙ 100%  (2.6) 

  

𝐶𝑟𝑒𝑓,𝑤𝑜𝑢𝑛𝑑  [%] = ∑ 𝐶
𝑟𝑒𝑓,𝑖

𝐴𝑖
𝐴𝑤𝑜𝑢𝑛𝑑

𝑛
𝑖=1   (2.7) 

 
Where 
𝐶𝑤𝑜𝑢𝑛𝑑  = the relative particle deposition in the wound 
𝐶𝑟𝑒𝑓,𝑤𝑜𝑢𝑛𝑑  = the relative particle deposition in the wound of the reference case (Figure 6a), 

which was 100% 
𝐶𝑖   = the particle deposition at cell i of the wound surface [%] 
𝐶𝑟𝑒𝑓,𝑖  = the particle deposition at cell i of the wound surface for the reference case (Figure 

6a) [%] 
𝐴𝑖  = the surface area of cell i [m2] 
𝐴𝑤𝑜𝑢𝑛𝑑   = the surface area of the wound [m2], which is 0.16m2 in the base case  
n  = number of cells over the wound surface 
 

 
Figure 14 Characteristics of the base case for (a) configuration 1 and (b) configuration 2. Section at plane Z = 0.4L (Figure 
9a), the black thick lines represent the wall boundaries, the dashed lines represent the inlets and the grey line represents 
the outlet. 

 
2.2 Results 
In this section the results of the parameter study are shown. The section starts with a brief 
description of the results of the base case and continues with the results of the parameter study. 
The results of all investigated parameters are discussed sequentially. A full overview of the results of 
the parameter study is attached in appendix F. 

 
2.2.1 Base case 
The air velocity fields of section z = 0.4L, along the main flow direction, and section x = 0.4L, 
perpendicular to the contaminant supply face, are depicted by Figure 15a-d. In configuration 1 a 
layer of clean air is created above the wound.  Backflow occurs at the outlet where the 
contaminated airflow captures air from the surrounding. However, it seems that the air does not 
reach the wound. For configuration 2 contaminated air is pushed upward but might be captured in a 
recirculating eddy near the wound. Furthermore, Figure 15c-d illustrates that the flow problem is 
mainly 2 dimensional as the velocity in z-direction is almost zero. For this reason, only sections of the 
x-y-plane were consulted in remaining part of this report. 
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Figure 15 Results of the base case for configuration 1 (a, c, e) and configuration 2 (b, d, f). (a-b) Flow field of the x-y-velocity 
vector at section z = 0.4L, (c-d) flow field of the y-z-velocity at section x = 0.4L, and (e-f) concentration field of the relative 
particle concentration at section z = 0.4L  
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The concentration fields of the relative particle concentration are depicted by Figure 15e-f. The 
results of configuration 1 show a stratified picture where the wound area is surrounded by a layer of 
clean air. Configuration 2 has a more scattered pattern where contaminated air is captured in the 
recirculating eddy near the wound.  
 
2.2.2 Parameter study 
The results of the parameter study for the supply velocity and turbulence intensity of the ventilation 
device are depicted by Figure 16. Configuration 1 showed a constant performance for the supply 
velocity and turbulence intensity with a particle deposition of constantly 0.0%. For configuration 2 it 
turned out that a higher supply velocity up to 0.3 m s-1 increases the performance, as the particle 
deposition has decreased from 3.0% to 1.0%. When the turbulence intensity was increased up to 
45% the particle deposition increased almost linearly to 12.7%.  

 

 
Figure 16 Investigation of the effect of (a) the supply velocity and (b) the turbulence intensity of the supply velocity on the 
particle deposition 

 

 
Figure 17 Investigation of the effect of the temperature difference between room temperature and supply temperature on 
the particle deposition 

 
The effect of a non-isothermal situation is illustrated by Figure 17. Both configurations showed 

an increased particle deposition when the supply temperature was higher than the environment. 
Considering configuration 1 the particle deposition was increased to 0.8% and 4.5% when the 
temperature difference was increased to respectively 16 K (Tsupply = 37 oC) and 22 K (Tsupply = 43 oC). 
Figure 18 shows the temperature profile of the 22 K situation, where a large drop in temperature 
can be observed which correlated with an increased particle deposition (Figure 19). From Figure 17 it 
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can be observed that a lower supply temperature decreased the particle deposition, while at a 
higher supply temperature the particle deposition was strongly increased up to 36.0%. The cool air 
formed a stratified temperature profile where a layer of cool air is created around the wound, 
preventing particles from depositing as illustrated by Figure 18. Furthermore, a higher supply 
temperature contributed to a mixed situation were clean air was mixed with contaminated air 
causing an increased particle deposition clearly illustrated by Figure 19.  

 
 

 
Figure 18 Results of configuration 1 with a supply temperature 22K higher than the ambient temperature (i.e. 
contaminated airflow), (a) temperature profile at section z = 0.4L and (b) relative particle concentration at section z = 0.4L 

 

 
Figure 19 Results of configuration 2 with a supply temperature 5K lower than the ambient temperature (i.e. contaminated 
airflow), (a) temperature profile at section z = 0.4L and (b) relative particle concentration at section z = 0.4L 

 

 
Figure 20 Results of configuration 2 with a supply temperature 3K higher than the ambient temperature (i.e. contaminated 
airflow) (a) temperature profile at section z = 0.4L and (b) relative particle concentration at section z = 0.4L 
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From Figure 21 it could be observed that the velocity of the contamination was not critical for 
configuration 1, while it is a critical parameter for configuration 2. For configuration 2 the particle 
deposition increased up to 26.5% by a contamination velocity of 0.9 m s-1, which is approximately 
the velocity of a walking person.  

Finally, the effect of an increased wound area and thermal plume from the wound were 
evaluated. For configuration 1 the particle deposition has not changed for both parameters. For 
configuration the particle deposition has slightly decreased to 2.7% when a larger wound area was 
considered. However, it should be noticed that in case of an increased wound area the absolute 
particle deposition had increased but the particle deposition per m2 remained almost constant.  As a 
result of a heat flux generated by the wound the particle deposition has not changed compared to 
the base case.  

 

 
Figure 21 Investigation of the air velocity of the contaminated air on the particle deposition 

 
2.3 Discussion 
In this section the methodology and results of the parameter study are discussed. The applied 
method and limitations of the research are discussed in section 2.3.1. In the second subsection the 
results of the parameter study are discussed.  

 
2.3.1 Limitations of study 
Limitation of the research occurred which relate to the performance indicator, model simplifications 
and simulation software. In the following paragraphs the limitations are identified and explained.  

First, the real performance indicator causing SSI is the contamination of the wound and the 
main contribution to wound contamination by air could be expressed as the colony forming units 
(CFU) deposited in the wound (Whyte et al., 1982; Woodhead et al, 2002). However, as CFU 
measurements are difficult and time consuming particles are a good surrogate (Hansen et al., 2005). 
For this reason, cases were compared by the relative particle deposition at the wound. 

Second, a simplified model geometry was used with a continuous sideways contaminated 
airflow, which creates a situation with a very poor ambient IAQ. In a field situation ambient air is 
probably of higher quality with a lower risk on SSI, although in a field situation contaminants may 
also come from different direction and could be laminar or turbulent. Furthermore, simulations 
were performed for an enclosed model, with two inlets and one outlet, while in a real situation air 
can move freely through the room.  The effects of this enclosure and other geometrically 
simplifications were unknown with respect to a real situation. 

Third, a validation study was performed in order to evaluate the accuracy of the CFD model. No 
guidelines apply to the accuracy of CFD models, which makes judgment on accuracy difficult. 
However, the relative error on the mean velocity (U) and temperature (T) was ≤10% for both 
isothermal and non-isothermal conditions. The relative error on the turbulent kinetic energy (k) was 
72% and 94% for the isothermal and non-isothermal situation respectively. Although these relative 
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errors seem large, absolute values further demonstrate an acceptable accuracy of the model 
(appendix D). 

Boundary conditions of the supply surfaces were measured in advance of the validation study 
and showed an equal supply velocity and low turbulence intensity (appendix B). However, exact 
supply conditions for each case of the parameter study by De Visser (2014) were unknown. This 
could have resulted in minor deviations in the mean air velocity and less accurate predictions of the 
turbulence (Joubert et al., 1996). Furthermore, Cao and Meyers (2013) found that turbulence 
quantities could affect the prediction of particle concentrations up to a factor 2 for transitional slot 
Reynolds numbers.  

Summarizing, the values mentioned in the three paragraphs above indicate the accuracy of the 
CFD model and should be considered when configurations are compared. However, the main 
objective of the parameter study was to test the model’s sensitivity to six parameters for which the 
accuracy of the model was assumed sufficient. 
 
2.3.2 Results  
In the next two subsections the results of configuration 1 and 2 are discussed, respectively.  
 
Configuration 1 
First, for configuration 1 a relative particle deposition of 0.0% was reported for all cases under 
isothermal conditions, which is a very promising picture for the full-scale study. However, evaluation 
of the air above the wound in the validation study showed larger particle concentrations, especially 
when the velocity of the sideways contaminated airflow was increased. Furthermore, a higher 
supply temperature compared to the ambient air temperature had increased the relative particle 
deposition to 0.8% and 4.5% by a temperature difference of 16K and 22K respectively. This 
demonstrated the models sensitivity to a higher temperature although the relevance, especially for 
the 16K case, could be questioned regarding the reported accuracy of the particle model.  

Finally, a vector plot of section z = 0.4L demonstrated that backflow occurred, which could bring 
contaminants from the outlet into the wound area. Because a contaminant concentration was not 
modeled for the backflow an additional simulation for the base case of configuration 1, with a 
contaminant applied to the outlet, was performed. No differences in relative particle concentration 
0.12 m above the wound and particle deposition at the wound were reported, although a higher 
particle concentration was observed close to the outlet (Figure 22). 

 

 
Figure 22 Relative particle concentration of (a) the base case of configuration 1 (figure similar to Figure 15e) and (b) the 
base case of configuration 1 with a contaminant concentration applied to the backflow 

 
Configuration 2 
Configuration 2 turned out to be more sensitive to the investigated parameters than configuration 1. 
A supply temperature of the filtered airflow higher than the ambient air temperature of only 3K 
resulted in an increased particle deposition of 36.0%. Consultation of the relative particle 
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concentration showed a mixed situation of the air in the model. Although the exact nature of this 
behavior is unknown, one possible explanation is that the warm filtered air wants to move upwards 
but is forced to mix with the colder contaminated air as a result of the enclosed geometry. For this 
reason, it would be interesting to see if a similar relation could be observed in the full-scale 
measurements. Next to this, the configuration was sensitive to an increased turbulence intensity and 
increased velocity of the contaminated airflow, by which the deposition was for both substantial 
compared to the accuracy of the model.  
 
2.4 Summary parameter study 
CFD simulations were used to study the performance of two configurations of a ventilation device, 
referred to as configuration 1 and 2, depicted by Figure 6. The objective was to investigate the 
model’s sensitivity for both configurations with respect to six different parameters. The studied 
parameters were the supply velocity, the turbulence intensity of the supply velocity, the supply 
temperature, the velocity of the contamination, size of the wound and the heat flux generated by 
the wound. Contaminants were modeled as scalar and validated by particle measurements, of 
particles sized 0.5-0.7 µm, by De Visser (2014). The situations were compared based on the particle 
deposition at the wound area, because deposition is the most relevant parameter related to SSI.  

It turned out that both configurations were sensitive to a supply temperature of the filtered 
airflow higher than the ambient air temperature. Furthermore, for the other parameters 
configuration 1 showed a stable performance, where the particle deposition was constantly 0.0%. 
Configuration 2 was also sensitive to an increased turbulence intensity of the filtered airflow and 
velocity of the contamination. A higher supply velocity of the filtered airflow and supply temperature 
lower than the ambient temperature had increased the performance of configuration 2.  

In the validation study particle concentrations 0.12 m above the wound were evaluated for a 
limited number of parameters. According to these results configuration 2 showed a better 
performance than configuration 1, as the simulated relative particle concentration of configuration 2 
was on average 15.0% lower (absolute value). Furthermore, configuration 1 was sensitive to a supply 
temperature higher than the ambient air temperature, while for configuration 2 a supply 
temperature lower than the ambient air temperature showed a similar performance to the 
isothermal situation. Finally, it was demonstrated that the particle concentration for configuration 1 
was very sensitive to the height of the measurement position, although evaluation of particle 
deposition at the wound showed a stable results.  

  



20 
 

3 Full-scale setup 
The second part of this research consisted of a full-scale mock-up setup. With the help of the 
conclusions of the parameter study a prototype of configuration 2 was constructed, which ventilated 
the wound area and instrument table. The performance of the prototype was investigated in a full-
scale setup with the help of particle measurements according to the setup described in the VCCN 
(2014). The requirements used for interpretation of the results are defined in the WIP (2014). This 
chapter first explains the applied method in section 3.1. It continues with the results and a 
discussion in section 3.2 and 3.3 respectively. Section 3.4 concludes chapter 3 with an intermediate 
conclusion of the full-scale measurements.  

 
3.1 Method 
The performance of a prototype of the ventilating blanket and a ventilating instrument table was 
investigated in a full-scale measurement setup. The measurements were performed between August 
25 and September 19, 2014 at the test facility of Interflow, located in Wieringerwerf, The 
Netherlands. The test facility consisted of an OT sized 6.8 x 6.0 x 2.8 m (L x W x H) equipped with a 
vertical UDF system of 2.8 x 2.8 m. The UDF system was turned off during the measurement series, 
therefore only the performance of the local ventilation system was investigated. Furthermore, it 
should be mentioned the OT is cleaned weekly and for this reason was not as clean as an OT in 
practice.  

The investigated performance indicators are shown in Figure 23. The focus was on particle 
measurements to investigate the performance of a prototype of the ventilation devices in an at rest 
situation. Furthermore, a measurement was performed to investigate the robustness (i.e. 
performance under dynamic conditions) of the ventilating blanket (appendix I). Next to this, a 
comfort measurement was done to investigate the effect on the thermal comfort of the operating 
team. However, as the comfort measurement was only a small part of the whole full-scale study the 
results are attached in appendix J. Finally, the energy use of the local ventilation system was 
discussed compared to the vertical UDF system.  
 

 
Figure 23 Investigated parameters in the full-scale setup. The performance of the ventilating blanket and instrument table 
were measured under isothermal conditions on four different performance indicators. Only the results of the particle 
measurements (i.e. particles in the air) are shown in this report. Results of the robustness and comfort measurements are 
attached in appendix I and J respectively. Energy use is only mentioned in the discussion based on comparison with the 
vertical UDF system  

 
3.1.1 Prototype 
In this section the prototypes are briefly discussed. As the parameter study proved that a higher 
supply velocity increased the performance, it was the intent to adjust the supply velocity to 0.3 m s-1. 
However, for the ventilating blanket the supply velocity was limited by the capacity of the ventilator.  
The prototypes were validated in advance of the full-scale measurement by air velocity 
measurements in the Building Physics and Services Laboratory at Eindhoven University of 
Technology. In the full-scale setup, air velocity was measured by a handheld velocity meter (Testo 
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425, accuracy ±0.05 m s-1 + 5% value), an overview of the validation measurements and measured 
supply velocities in the full-scale setup is attached in appendix G.  
A prototype of the ventilating blanket was handmade by the author of this report. The prototype 
was constructed out of an air mattress sized 1.94 x 1.40 x 0.08 m (L x W x H). A gap of 0.40 x 0.60 m 
was created in the center of the air mattress, in which the surgeon could perform the operation. An 
air supply surface of 0.90 m2 was created around the gap and made of fabric with a permeability of 
325 m3/m2/h at 120 Pa (Clean room material, BLT Luchttechniek BV). The dimensions of the gap and 
supply surface were based on measures of a Bair Hugger (Bair Hugger, model 570, 3M). The average 
supply velocity was 0.24 m s-1, which results in an air volume of 780 m3 h-1 (6.7 ACH).  
A prototype of the ventilating instrument table was manufactured by Interflow and constructed out 
of laminated chipboard. The supply surface was made of 23% perforated steel plates and a 
framework of high pressure laminate. The supply surface measured 0.60 x 0.80 m, based on the 
dimensions of the HEPA filter. The average supply velocity was 0.31 m s-1, which results in an air 
volume of 540 m3 h-1 (4.7 ACH). The total air supply of the local ventilation devices was 
approximately 1320 m3 h-1 (11.4 ACH), which is approximately a factor 7.4 less than the volume 
associated with a vertical UDF system of 2.8 x 2.8 m.   
 

 
Figure 24 Impression of the used prototypes, at the left side the ventilating blanket and at the right side the ventilating 
instrument table 

 
3.1.2 Particle measurements 
 
Measurement configuration 
Particle measurements were performed according to the VCCN guideline no. 7 (2014), which is 
intended to be the new Dutch guideline for the assessment of OTs. The requirements were defined 
by the WIP (2014). The WIP (2014) defines two performance levels of which performance level 1 was 
used for interpretation of the results. Performance level 1 is the highest performance level for OTs in 
The Netherlands. The WIP (2014) and VCCN (2014) define three parameters, which are the ISO class, 
protection class (PC), and recovery time, which are explained in the following three subsections. The 
criteria apply to particle measurements of particles sized ≥0.5 µm. 

The conventional measurement setup of the VCCN (2014) is based on a vertical UDF system and 
refers to a large protected area, which encloses the wound area, instrument tables and operating 
team (Figure 25). The local ventilation system aims to create two small protected areas around the 
wound area and instrument table respectively. For this reason, the VCCN (2014) was interpreted as 
depicted by Figure 26. The following measurement setup was used, which was defined in the VCCN 
(2014). The OT was furnished as used in practice, including two surgical lights, operating table, an 
anesthesia and surgical workstation and electronic displays, but without the presence of people. The 
surgical lights were positioned above the operating table. Surgical arms and monitors were 
positioned as far as possible outside the protected areas (i.e. supply surfaces of the ventilation 
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devices). All equipment (i.e. surgical lights, workstations and displays) was turned on. The use of an 
active warming blanket was ignored for the current setup as this would make the controllability of 
the measurements probably even more complex. The ventilating blanket was positioned over a self-
made dummy on the operating table, which was positioned centrally in the OT. The top surface of 
the blanket was positioned at 1.2 m height. The instrument table was positioned with a distance of 
0.6 m from the operating table. The fans and HEPA-filter of the ventilated blanket were positioned 
outside the OT. A schematic overview of the measurement setup and cross-section for the PC 
measurements is depicted by Figure 26 and Figure 27. During the measurements both ventilation 
devices were turned on.  

All measurement sensors were positioned at 1.2 m height (VCCN, 2014). In total 4 particle 
counters were used of which three 2.83 l/min (0.1 ft3/min) (Handheld 3016, Lighthouse) and one 
28.3 l/min (1 ft3/min) (Solair 3100+, Lighthouse). The contamination source evaporated oil to 
generate particles and was positioned at 1.5 m height in upward direction unless stated otherwise in 
the description of the setup. Air supply temperatures and room temperature at 1.6 m height were 
monitored during the particle measurements with a sample interval of 5 s. 

 
Figure 25 Conventional protection class (PC) measurement setup defined by the VCCN (2014) for a vertical UDF system. 
Green dot ( ) particle emission, red dot ( ) particle counter, the protected area is assumed equal to the supply area of 
the UDF plenum and is highlighted in blue, dashed lines are virtual lines used for the construction of the measurement 
setup. One measurement consist of four positions, Cref,x, Cx, Cm. The conventional protection class measurement setup was 
modified for the measurement of the local ventilation system as depicted by Figure 26 

 
ISO class 
The ISO class refers to the air cleanliness of a room in terms of concentrations of airborne particles. 
The ISO class is defined as the maximum allowable particle concentration (in particles per m3) for 
particles of a considered size. The ISO class measurements were performed according to the NEN-
EN-ISO 14644-1 for an at rest situation, as defined in the VCCN (2014). ISO class 5 and ISO class 7 are 
required for respectively the protected area and periphery for particles sized ≥0.5 µm (WIP, 2014). 
ISO class 5 and ISO class 7 refer to a maximum allowable particle concentration of 3,520 and 352,000 
particles per m3 respectively. 

The ISO class measurements were performed at the start of the day, before contamination was 
released in the OT for the protection class measurement. The ISO class was investigated for the 
periphery and protected area. According to the NEN-EN-ISO 14644-1 measurements should be 
performed on each vertex and in the middle of the protected area. The number of required 



23 
 

measurement positions for the periphery is defined as n =  √Aperiphery, equally distributed over the 

OT. However, because of limited time available the number of measurement series was reduced to 
two (7 positions). The first series included the measurement of Cref,3 and Cs in the periphery and C3 
and Cm in the protected area of the ventilating blanket (Figure 26a). The second series included 
position Cref,4 in the periphery and C4 and Cm in the protected area of the ventilating instrument table 
(Figure 26b). Four particle counters were used of which the 28.3 l min-1 counter was placed at 
position Cs during the first series, in the second series this counter remained unused.  

Measurements were conducted for 30 minutes with a sample interval of 3 minutes. The first 7 
samples were rejected to give the system some time to reach an at rest situation. By this the 
minimum sample volume per location and maximum time before the start of the measurement 
satisfy the NEN-EN-ISO 14644-1 and VCCN (2014). The mean value of the last 3 samples per position 
was used to give an indication of the ISO class per measurement position. 

 
Protection class 
The protection class (PC) defines the protection that the ventilation system offers against the 
penetration of contaminants from the periphery into the clean area. The conventional measurement 
setup of the VCCN (2014) aims for the measurement of a large clean area around the wound area, 
instrument tables and operating team. Contrary to this, the local ventilation system aims to create 
two small protective zones around the wound area and instrument table. For this reason, the VCCN 
(2014) method was applied to the local ventilation concept as depicted by Figure 26. The 
measurement of the protection class for the ventilating blanket and instrument table were 
performed separately. Particles were measured at three positions according to the VCCN (2014), a 
reference position in the periphery (Cref,x), at the vertex of the clean area (Cx) and in the middle of 
the clean area (Cm). The measurement positions at the vertices were placed 10 cm towards position 
Cm based on initial measurements attached in appendix I. The air quality at the position of the 
operating team is a critical factor in the current setup. For this reason an extra measurement 
position was added between the operating table and instrument table (Cs).  As no criterion applies to 
this position the results were only monitored without judging the system. The 28.3 l counter was 
placed at position Cs. 
 

 
Figure 26 Measurement setup of the protection class measurement of the (a) ventilating blanket and (b) ventilating 
instrument table. Green dot ( ) particle emission, red dot ( ) particle counter, the supply surfaces of the ventilation 
devices are highlighted in blue, dashed lines are virtual lines used for the construction of the measurement setup. One 
measurement consist of four positions, Cref,x, Cx, Cm and Cs. The 28.3 l min-1 counter was placed at position Cs. 



24 
 

Particles were released at 1.5 m height in upward direction, all positions were measured at 1.2 
m height illustrated by Figure 27 (VCCN, 2014). At the ventilating blanket position Cm was located 8 
cm above the wound surface. The distance between the supply surface of the instrument table and 
the sensors was 5 cm. All sensors were directed upward because it was assumed that this would be 
the most critical situation for the ventilation devices, as the contaminants were mainly coming from 
above. However, the direction of the sensor is not defined in the VCCN (2014) and facing the sensor 
downward would probably result in far lower particle concentrations, which was investigated by a 
sensitivity measurement.  

The WIP (2014) requires a PC of ≥2 at the vertices of the clean area and ≥3 in the middle of the 
clean area for particles sized ≥0.5 µm. The protection class is defined by equation 3.1. However, the 
measurement results for this report are displayed as a relative particle concentration as this gives a 
direct insight in the actual reduction factor as it is not expressed on a logarithmic scale. The relative 
particle concentration is defined by equation 3.2. A PC of 2 and 3 corresponds with a relative particle 
concentration of respectively 1.0 % and 0.1 %. 

Although the VCCN (2014) requires 10 measurement samples at each location, 30 samples of 1 
min were taken at each location to increase the statistic power of the measurements. The 30 
samples were divided over two series on two different days to test the consistency of the 
measurement setup. The measurement of the ventilating instrument table was performed for one 
series as initial measurements showed a stable performance. When the measurement started a 
transition period of at least 5 min was applied before the data was gathered, which was used for 
data analysis. Between two measurement series it was made sure that the particle concentration in 
the OT reached at least its ISO-class value. The vertical UDF system was turned on to speed up this 
process. The average relative particle concentration was calculated out of the 15 samples of 1 min.  

Besides the measured positions at the vertices of the ventilating blanket depicted by Figure 26a, 
an additional measurement (n = 10) was performed where the measurement positions at the 
vertices were relocated to the vertices of the wound area. As the measurements were performed at 
the same day as measurement series 1 of the ventilating blanket, outcomes were only statically 
compared to this series. A final measurement series (n = 15) was performed with a background 
ventilation system of 6 ACH, which is the required ventilation rate of a class 2 OT and treatment 
room (WIP, 2011). For the ventilating instrument table measurements were conducted at only 2 
positions. Additionally, a set of sensitivity measurements was performed in order to investigate the 
systems sensitivity to the measurement height and direction of the sensor. Because of limited time, 
measurements lasted for 10 min.  
 
 

𝑃𝐶 =  −𝑙𝑜𝑔
𝐶𝑥

𝐶𝑟𝑒𝑓,𝑥
  (equation 3.1) 

  

𝐶 =  
𝐶𝑥

𝐶𝑟𝑒𝑓,𝑥
∙ 100%  (equation 3.2) 

 
Where 
Cx is the particle concentration at position x, in particles per m3 
Cref,x is the particle concentration at reference position x, in particles per m3 
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Figure 27 Section of the measurement setup for positions 4 of the ventilating instrument table. Green dot ( ) particle 
emission, red dot ( ) particle counter, dashed lines illustrate the supply surfaces. One measurement consist of four 
positions, Cref,4, C4, Cm and Cs. The 28.3 l min-1 counter was placed at position Cs 

 
Recovery time 
The recovery time defines the ability of the system to reduce contamination released in the 
protected area. According to the VCCN (2014) particles were released during 1 min 10 cm below the 
lamp (S1). Furthermore, particles were released at two other positions, illustrated by Figure 28. One 
position at 1.5 m height at the side of the operating table, which was assumed to correspond with 
the height of the neck of the surgeon where clothing is relatively open (S2), and another position 30 
cm above the wound (S3). Particles of ≥0.5 µm were continuously measured at the position central at 
the operating table for a period of 3 min with a sample interval of 10 s. Measurements were 
repeated for 5 times with particles released below the lamp, and 3 times with the particles released 
at positions S2 and S3. The recovery time is defined as the time it takes till the particle concentration 
is reduced by a factor 100 and should be less than 3 min (WIP, 2014). 

 

 
Figure 28 Recovery time measurement setup, (a) section of the measurement setup, red triangle is measurement position 
of the particle counter, located at position Cm of the ventilating blanket, green dot ( ) is particle source. (b) impression of 
the measurement setup with particles released at position S1 

 
Airflow visualization  
Airflow visualization was performed at the end of a measurement day by releasing smoke into the 
OT. Airflow patterns were visualized for the ventilating blanket for the longitudinal side and short 
side. For the ventilating instrument table smoke was released at one side of the supply surface, it 
was assumed that other sides would show a similar picture.  
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Statistical analysis 
SPSS version 22 was used for statistical analysis of the particle measurement data. The statistical 
analyses were based on the results of the measured relative particle concentrations. A normality 
check was performed by Lilliefors’ correction of the Kolmogorov-Smirnov test, which proved that the 
majority of the relative particle concentrations had a normal distribution (appendix H). For this 
reason, the two-tailed paired t-test was used to evaluate the measurement series relative to each 
other. P-values of ≤ 0.05 were regarded as significant.  
 
3.2 Results 
Section 3.2 demonstrates the outcomes of the particle measurements. First, the results of the ISO 
class measurements are shown as they apply to both the ventilating blanket and instrument table. 
The first subsection shows the results of the ventilating blanket and in the second subsection the 
results of the ventilating instrument table are demonstrated. The final subsection shows the results 
of the airflow visualizations.  

 
ISO class 
The mean values of the measured particle concentration per location and considered ISO class are 
listed in Table 3. ISO 6 was obtained at the protected area of the ventilating blanket, while ISO 5 was 
reached at the protected area of the ventilating instrument table satisfying the WIP (2014). In the 
periphery all positions did meet the requirement of ISO 7, of which two positions reached ISO 6. 
Furthermore, the particle concentration at Cs was low compared to the other positions in the 
periphery, which indicated that the local ventilation systems had a larger reach than only the 
instrument table and wound area. 
 
Table 3 Mean particle concentration in particles per m3 and indicative ISO class per location (n = 3). Positions according to 
the measurement positions of the ventilating blanket (*) depicted by Figure 26a and the ventilated instrument table (**) 
depicted by Figure 26b 

 Protected area  Periphery 

Position C3
* Cm,3

* C4
** Cm,4

** Cref,3
* Cs

* Cref,4
** 

C [N/m3] 18,324 6,553 2,747 0 47,596 4,964 17,030 

ISO Class ISO 6 ISO 6 ISO 5 ISO 1 ISO 7 ISO 6 ISO 6 

 
3.2.1 Ventilating blanket 
 
Protection class  
The relative particle concentration of the protection class measurements of the ventilated blanket is 
demonstrated by Table 4. A significant difference was observed between the two measurement 
series at 10 of the 12 positions. The lowest particle concentrations were measured in the first 
measurement series, clearly shown by Table 4. During the first series the relative particle 
concentration at Cm ranged 1.19-2.51 % corresponding with a PC of 2.0-1.6. Next, during the second 
series the average relative particle concentration at position Cm ranged 4.13-10.96 % which 
corresponds with a PC of 1.4-1.0. At vertices C1-C3 the relative particle concentration ranged 22.99-
31.72 % and 28.22-35.86 % respectively for series 1 and 2. This shows that probably contaminated 
air of the periphery was entrapped in the HEPA-filtered supplied air. For both series the relative 
particle concentration at position C4 was 0.00 %, which could be explained by the manufacturing of 
the blanket as discussed in appendix H. Furthermore, consulting the results at position Cs the 
measured values were remarkable low compared to the vertices of the wound area. This indicates 
that the performance of the systems had a larger reach than only the wound area and instrument 
table.  

Table 5 summarizes the results of the third measurement series with 6 ACH additional room 
ventilation. At vertices C1-C3 the particle concentration was significantly lower compared to the 
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series without room ventilation. Contrary, at position Cm and Cs the concentration had significantly 
increased at the majority of the measurements. These results may indicate that the air in the room 
was more mixed compared to the situation without supplementary room ventilation.  

 
Table 4 Relative particle concentrations of the ventilating blanket for both measurement series (n=15), mean values and 
(std). Measurement series 1 and 2 were conducted at two different days. P-values of the paired t-test of series 1 compared 
to series 2, ns = not significant. 

 Series 1 Series 2   

Position C [%] PC [-] C [%] PC [-] P-value 

 

position 1 C1 31.7 (10.0) 0.5 28.2 (65) 0.6 ns 

 
Cm 1.2 (0.6) 2.0 4.1 (1.4) 1.4 0.000 

 
Cs 1.2 (0.8) 2.0 2.6 (1.0) 1.6 0.000 

position 2 C2 23.6 (4.2) 0.6 34.5 (15.5) 0.5 0.008 

 
Cm 1.6 (0.5) 1.8 5.3 (2.0) 1.3 0.000 

 
Cs 0.9 (0.3) 2.1 1.5 (0.6) 1.9 0.012 

position 3 C3 23.0 (10.7) 0.7 35.9 (12.6) 0.5 0.003 

 
Cm 1.9 (0.7) 1.8 11.0 (6.2) 1.0 0.000 

 
Cs 1.6 (0.7) 1.9 4.9 (2.6) 1.4 0.000 

position 4 C4 0.0 (0.0) 5.0 0.0 (0.0) 5.1 0.014 

 
Cm 2.5 (1.0) 1.6 9.0 (2.7) 1.1 0.000 

 
Cs 1.5 (1.0) 1.9 1.3 (0.5) 1.9 ns 

 
Table 5 Relative particle concentrations of the ventilating blanket with 6 ACH room ventilation (n=15), mean values and 
(std). P-values of the paired t-test relative to series 1 and 2, ns = not significant. 

Position C [%]   PC [-] P-value* P-value** 

 

position 1 C1 15.6 (4.2) 0.8 0.000 0.000 

 Cm 3.8 (0.9) 1.4 0.000 ns 

 Cs 1.2 (0.6) 2.0 ns 0.001 

position 2 C2 29.0 (4.2) 0.5 0.002 ns 

 Cm 13.7 (4.1) 0.9 0.000 0.000 

 Cs 3.2 (1.2) 1.5 0.000 0.000 

position 3 C3 4.9 (2.7) 1.4 0.000 0.000 

 Cm 6.4 (3.1) 1.3 0.000 ns 

 Cs 1.1 (0.8) 2.1 ns 0.000 

position 4 C4 0.0 (0.0) 5.2 0.048 ns 

 Cm 17.1 (10.6) 0.8 0.000 0.020 

 Cs 2.4 (1.3) 1.7 ns 0.010 
*   P-value relative to measurement series 1 of the ventilating blanket  
** P-value relative to measurement series 2 of the ventilating blanket 

 
A final measurement was conducted at the vertices of the wound area. It turned out that the 

measured relative particle concentration was significant lower at position C1-C3 compared to the 
vertices of the blanket. At position C4 the opposite was true. Considering the PC, a value of ≥2.9 was 
reached at vertices C1-C3, which would satisfy the WIP (2014). However, the guideline was not met at 
positions C4 and Cm. Furthermore, it should be noticed that the relative particle concentration at 
position Cm was not equal compared to the previous measurement series (Table 4). At position 1 and 
2 the relative particle concentration had significantly increased and decreased respectively, which 
would suggest that other uncontrolled parameters may have changed.  
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Table 6 Relative particle concentration at the wound area of the ventilating blanket (n = 10), mean values and (std). P-
values of the paired t-test relative to series 1 of the ventilating blanket 

Position C [%] PC [-] P-value* 

 

Position 1 C1 0.0 (0.0) 4.5 0.000 

 Cm 7.6 (2.1) 1.1 0.000 

Position 2 C2 0.2 (0.1) 2.9 0.000 

 Cm 0.7 (0.4) 2.2 0.001 

Position 3 C3 0.1 (0.0) 3.2 0.000 

 Cm 1.7 (0.6) 1.8 ns 

Position 4 C4 4.8 (1.2) 1.3 0.000 

 Cm 2.6 (0.9) 1.6 ns 
*P-value relative to series 1 of the ventilating blanket  

 
Protection class – sensitivity measurements 
The results of a sensitivity measurement for the direction of the sensor and measurement height are 
depicted by Figure 29. When the sensor was turned downward the relative particle concentration 
had significantly reduced at position C3 (P = 0.000). For position Cm no significant difference was 
obtained. Important to notice is that at position C3 when the sensor faced upward a PC of ≥2 was not 
achieved, while for the series with the sensor facing downward a PC of ≥2 was obtained, which is the 
requirement of the WIP (2014).  

According to the measurement height of the sensor no significant differences were observed at 
position C3. In the center of the wound (Cm) the particle concentration decreased by an increasing 
measurement height. However, only the difference between 1.20 m and 1.32 m height was 
significant (P = 0.000). An extended overview of the results including the investigation of the some 
more sensitivity measurements is attached in appendix I. 

 

 
Figure 29 Sensitivity measurement of the ventilating blanket, (a) investigation of the direction of the sensor (n = 10) and (b) 
investigation of the height of the sensor. Values are mean values (n = 10). Measurements were performed at position C3 
and Cm of the ventilating blanket (Figure 26a) 

 
Recovery time  
The measurements of the recovery time are depicted by Figure 30. In all measurement series first a 
strong reduction was observed and after approximately 100 s the particle reduction was stable. At 
position S1, a 100 fold reduction was achieved only in one of the five measurement series after 80 s.  
In two series the measured values increased again after approximately 50 s. In the other three series 
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the values after 100 s were fluctuating between 1-3 % of the initial value. At position S2 a 100 fold 
reduction was not achieved and large differences were observed between the three series. At 
position S3 in all three the series a 100 fold reduction was achieved, after respectively 100 s, 90 s, 
and 70 s. The effect of facing the sensor downward was investigated for position S1 but showed no 
large differences (appendix I).  
 

 
Figure 30 Recovery time measurement at position Cm, (a) emission at S1 (n = 5), (b) emission at S2 (n = 3), and (c) emission 
at S3 (n = 3) 

 
3.2.2 Ventilating instrument table 

 
Protection class  
Table 7 shows the results of the ventilating instrument table. It turned out that the relative particle 
concentration at positions C1-C4 ranged 0.16-0.30 % and that the relative concentration at Cm was 
constantly 0.00 %. This means that the WIP (2014) was met at all positions. Because of the stability 
of the results and limited measurement time this measurement series was not repeated. A second 
measurement was performed at position C3 and C4 with supplementary room ventilation of 6 ACH. 
Although Table 8 demonstrates that the relative particle concentration at position C3-C4 had 
increased, this difference was not significant. Furthermore, the particle concentration at Cm had not 
increased. 

 
Table 7 Relative particle concentrations of the ventilating instrument table for one measurement series (n = 15), mean 
values and (std)  

Position C [%] P [-] 

 

position 1 C1 0.2 (0.1) 2.8 

 
Cm 0.0 (0.0) 7.4 

 
Cs 1.9 (0.9) 1.8 

position 2 C2 0.3 (0.1) 2.6 

 
Cm 0.0 (0.0) 7.7 

 
Cs 0.8 (0.5) 2.2 

position 3 C3 0.2 (0.0) 2.6 

 
Cm 0.0 (0.0) 7.3 

 
Cs 2.4 (1.0) 1.7 

position 4 C4 0.2 (0.1) 2.8 

 
Cm 0.0 (0.0) 7.4 

 
Cs 1.9 (0.5) 1.7 
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Table 8 Relative particle concentrations of the ventilating instrument table with 6 ACH room ventilation for one 
measurement series (n = 15), mean values and (std). P-values of the paired t-test, ns = not significant. 

Position C [%] PC [-] P-value 

 

position 3 C3 0.5 (0.1) 2.4 ns 

  Cm 0.0 (0.0) 6.6 ns 

  Cs 5.7 (1.9) 1.3 ns 

position 4 C4 0.5 (0.1) 2.3 ns 

  Cm 0.0 (0.0) 7.0 ns 

  Cs 2.4 (1.6) 1.7 ns 

      

Finally, the height of the protected area was investigated by replacing the sensor 10 cm upward 
until a particle concentration of 1 % at the vertex was not achieved anymore. As could be observed 
from Figure 31 raising the sensor to 1.30 m did not have a significant effect on the relative particle 
concentration. Adjusting the height to 1.40 m did significantly increase the particle concentration to 
6.84 % (P = 0.005). The measured particle concentration at position Cm was constantly 0.00 %, which 
still satisfy a PC ≥3. This points out that the size of the protected area was reduced at 1.40 m height. 
A complete overview of the results including additional measurements is attached in appendix I. 

 

 
Figure 31 Investigation of the height of the protected area for the ventilating instrument table, values are mean values (n = 
10). Measurements were performed at position C4 and Cm of the ventilating instrument table (Figure 26b). A measurement 
height of 1.2 m corresponds with a distance of 5 cm between the tabletop and sensor, 1.3 m with a distance of 15 cm, and 
1.4 m with a distance of 25 cm. 

 
3.2.3 Airflow visualization 
Finally, airflows were visualized with the help of smoke measurements depicted by Figure 32 and 
Figure 33. The visualizations of the ventilating blanket demonstrated that the air was going upward 
above the supply surface (Figure 32a). However, Figure 32b and c disclose local eddies in the wound 
area, which are a possible threat in case of contaminants are entrapped in the eddy. Figure 33 
visualizes the air movements at the ventilating instrument table. The left picture demonstrates the 
entrapment of surrounding air into the HEPA-filtered airflow, which decreased the size of the 
protected area. The right picture illustrates the airflow at the center of the ventilating instrument 
table, which flows straight in upward direction.  
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Figure 32 Airflow visualization of the ventilating blanket, (a) demonstration of the upward directed airflow, (b) and (c) 
visualization of the most critic airflows with an eddy captured in the wound area.  

 

 
Figure 33 Airflow visualization of the ventilating instrument table, (a) demonstration of the entrapment of surrounding air 
in the clean airflow, and (b) airflow visualization at the center of the instrument table  

 
3.3 Discussion 
In this section the methodology and results of the full-scale measurements are discussed. Section 
3.3.1 starts with a discussion of the applied method and considered limitations. In section 3.3.2 the 
results are discussed. 

 
3.3.1 Limitations of study 
During the full-scale measurement there were many points which could have affected the results. 
The most important points are mentioned in this paragraph. The main point of concern was the 
instability of the results of the ventilating blanket of which an explanation could lie in the handmade 
prototype and applied measurement method. An interpretation of the measurement setup 
described in the VCCN (2014) was made by the author of this study for the local ventilation devices, 
while the guideline was developed based on experiences with the vertical UDF ventilation system. 
Next to this, in the VCCN (2014) the direction of the measurement sensor was not defined and 
turned out to be critical for the performance of the ventilation devices at the vertices of the supply 
surfaces. Finally, many parameters were not controlled during the measurements or remained even 
unknown but could have affected the results. For instance, air supply temperatures and the ambient 
temperature at one position in the room were measured but not controlled. In the following 
paragraph the points of concern are discussed in more detail.  

A handmade prototype of the ventilating blanket was used, which had some imperfections that 
may have contributed to the wide range of the results. For instance, one important point of concern 
was the high internal resistance of the ventilating blanket and that the resistance was not equally 
divided inside the blanket. As a result supply velocities were limited by the maximum capacity of the 
fan and supply turbulence intensities were higher at one side of the ventilating blanket at positions 
C2-C3 (Figure 26a). This probably had a negative effect on the performance of the ventilating blanket 
as was shown by the results of the parameter study. A more sophisticated version of the ventilating 
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blanket with a higher supply velocity and lower turbulence intensity would probably increase the 
performance of the ventilating blanket. The prototype of the ventilating instrument table showed a 
stable performance, which could be explained by the mechanical manufacturing process of the 
prototype and simpler geometry (e.g. absence of the wound area). 

The VCCN (2014) was developed based on experiences with the vertical UDF ventilation system, 
although it was the objective to develop a methodology which is also applicable for the validation of 
other ventilation systems. For this reason the measurement setup was converted for the 
measurement of two small protected areas created by the local ventilation devices. With the help of 
variations in height and distances between positions, the used measurement setup was evaluated as 
illustrated by Figure 34. However, measurements attached in appendix I showed that the stability of 
the results did not improve, for this reason the setup described in section 3.1.2 was used.  

 

 
Figure 34 Investigated heights and distances of the interpreted measurement setup for position 2 of the ventilating 
blanket. The height of the reference measurement position (Cref,2) and contaminant source (S) were investigated, h1 and h2 
respectively. The distance between position Cref,2 in the periphery and position C2 at the vertex of the protected area (x1) 
and distance between Cref,2 and the contaminant source S (x2) were studied. Results are attached in appendix I 

 
Further evaluation of the VCCN (2014) showed that the direction of the measurement sensor 

had a significant effect on the relative particle concentrations at the measurement positions at the 
vertices of the ventilating blanket. Measurements attached in appendix I demonstrated similar 
findings for the ventilating instrument table. For this reason, it would be advisable to give some 
further instructions in the VCCN (2014) on the direction of the sensor to prevent large differences in 
the methodologies and subsequent results. In the current setup the sensor was directed upward as 
it was assumed that contaminants are mainly coming from above and so this was the most critical 
situation. However, the ISO 14644-1 states the sensor should be directed in the dominant airflow 
direction. This would have given lower relative particle concentrations at the vertices of the 
ventilation devices (position C1-C4), because the sensor is placed directly in front of the HEPA-filtered 
supplied air. 

The small volume of air used by the local ventilation system, which is approximately one 
seventh of the vertical UDF system, might be another explanation for the instability of the results. 
Compared to a vertical UDF system, the periphery was free from dominant airflows and less mixing 
of the air in the periphery occurred. This could have resulted in large variations of the particle 
concentration at position Cref,x, as contaminants were traveling in clouds through the periphery. 
Furthermore, due to the less dominant airflows in the periphery other parameters as buoyancy 
forces caused by the surgical lights, wall temperatures and stratification might have had a larger 
effect on the air movements in the periphery compared to a vertical UDF system. Besides, 
movements caused by researchers, when adjusting the measurement setup, and the door opening, 
when the researchers left the room, were assumed to have no effect on the results. This was 
assumed because an adaptation period of at least 5 min was taken into account before the start of 
each measurement.  

The VCCN (2014) neglects the impact of the heat loads of the operating theatre personnel 
contrary to the German VDI 2167 (2007). The effect of this simplification is unknown for the local 



33 
 

ventilation devices and was not investigated in this study. Heat loads of surgical lights, monitors and 
other medical devices were included in the measurement setup as defined by the VCCN (2014). Due 
to the energy efficient equipment this did probably not affect the results in forced convection 
dominated regions (i.e. protected area), although in the periphery these devices might have 
influenced the air movements. Furthermore, the effect of an active warming device (e.g. forced-air 
warming) was not considered in this research in order to be able to study purely the performance of 
the ventilating blanket, and secondly to keep the measurement setup as simple as possible. 

Next to this, the WIP (2014) and VCCN (2014) considers an at rest situation. Compared to the 
previous guideline WIP (2005), which considers an as built situation, this guideline is a new step 
forward comparable to the German VDI 2167 (2007). However, what really counts in practice is a 
dynamic situation. Some researchers (e.g. Friberg et al., 1996; Thore and Burman, 2006) performed 
studies during sham operations, while others conducted measurements during real operations (e.g. 
Friberg et al., 2003; Pasquarella et al., 2003; Stocks et al., 2011). However, at this moment there is 
no method or guideline which is able to produce reliable and reproducible results under dynamic 
conditions without affecting the work process of the operating team.  

Finally, aspects related to hygiene, usability and cost were not included in this study, but are 
important topics to capture in further research or design processes. Furthermore, although energy 
consumption was not measured one could reason that the local system would have a far lower 
energy consumption compared to a vertical UDF system, as the volume of air is reduced to 
approximately one seventh of the volume of air associated with a vertical UDF system. 

 
3.3.2 Results 
This subsection first discusses the results of the full-scale measurements of the ventilating blanket. 
In the second section the results of the ventilating instrument table are discussed. Finally, a 
comparison was made with the prototypes of configuration 1, studied by De Visser (2014). 

 
Ventilating blanket 
The protection class measurements of the ventilating blanket did not meet a PC of 2 at the vertices 
of the protected area (C1-C4) and a PC of 3 in the middle of the protected area (Cm) (WIP, 2014). A 
large variation in relative particle concentrations was reported of which possible causes were 
already discussed in section 3.3.1. As a result, a range per measurement location (i.e. Cm, C1-C4, Cs) 
showing the potential of the system was considered more valuable than one mean value of all the 
measurements per location.   

In a measurement series at the vertices of the wound area a PC of ≥2 was reached at three of 
the four positions, which indicates that the protected area is probably much smaller than assumed in 
advance. However, keeping in mind the infection risk, one could question whether a 100-fold 
reduction (PC = 2), required by the WIP (2014) at the vertices of the wound area, is still sufficient or 
a 1000-fold reduction should be required (PC = 3) at these positions, which is similar to the center of 
the wound area. Furthermore, dimensions of the gap in the ventilating blanket were based on 
measures of a forced-air warming blanket (Bair Hugger, model 570, 3M). However, a gap size of 0.4 x 
0.6 m is large compared to actual wound areas reported by Whyte et al. (1982), which were 0.023 
m2 and 0.018 m2 for hip and knee operations respectively. Next to this, in minimal invasive surgery 
even smaller wound areas are considered. Results of the parameter showed that the absolute 
particle deposition increased with the size of the wound area, although the particle deposition per 
m2 did not change. However, the effect on relative particle concentrations in a full-scale setup is 
unknown and should therefore be investigated in further research.  

ISO class measurements and measured relative particle concentrations at the position in 
between the ventilating blanket and instrument table (Cs) showed a lower particle concentration 
than expected in advance. From these results it could be concluded that the local ventilation devices 
had a larger reach than only the wound area and instrument table. As a result, the infection risk of 
reaching instruments from the instrument table to the surgeon at the wound area is probably 
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relatively low. Furthermore, it is unknown if this effect did also occur at the other side of the 
ventilating blanket or only occurred in the space in between the two ventilation devices.  

A measurement series with supplementary room ventilation of 6 ACH was expected to increase 
the performance of the local ventilation devices while the opposite was true for the ventilating 
blanket. A possible explanation is that relatively cold air, of which the exact temperature is 
unknown, was supplied by the 2.8 x 2.8 m plenum above the ventilating blanket and instrument 
table with the airflow directed opposite to the air supply direction of the local ventilation devices. 
Although the supply velocity of the room ventilation system was very low (<0.03 m s-1) this could 
have negatively affected the results. A mixed ventilation system with the air supplied in the 
periphery would possibly give better results.  

Recovery time measurements showed an unstable picture in which a value ≤1 % was sometimes 
achieved. This indicated that unstable local eddies with contaminants were circulating in the wound 
area, which were visualized by smoke. As a result it could be concluded that when contaminants 
were captured in circulating eddies in the wound area, the system was not able to reduce the 
particle concentration in the wound area sufficiently according to the WIP (2014).  

Finally, in the parameter study (chapter 2) it turned out that a higher supply temperature 
compared to the ambient temperature was critical for the performance of the ventilating blanket. 
Supply temperatures and ambient temperature were monitored during the measurements and 
mean values are attached in appendix H. Temperature differences were lower than 1.3 K and no 
relation was observed between the supply temperature and measured particle concentration. 
Further research is required to investigate the effect of temperature differences on the performance 
of the ventilation devices. 

 
Ventilating instrument table 
The ventilating instrument table showed a very stable and good performance with respect to the 
WIP (2014), no large differences were observed between measurement series. The protected area 
was defined 10 cm from the perimeter of the supply surface. Validation measurements attached in 
appendix G showed a higher supply velocity close to the perimeter of the supply surface, which 
possibly caused entrapment of surrounding contaminants into the filtered airflow. Adjusting the 
airflow pattern to an exponential flow pattern would probably enlarge the protected area of the 
system (Friberg et al., 2003). Furthermore, a recovery time measurement was not performed for the 
ventilating instrument table. However, consulting the smoke measurements, the ventilating 
instrument table would probably show a good performance as the airflow at the center of the supply 
surface flows straight in upward direction.  
 
Configuration 1 
A prototype of the ventilating blanket and instrument table of configuration 1, which supplied HEPA-
filtered air around the wound area, was studied by De Visser (2014) in a similar measurement setup. 
Both systems were compared based upon the position at the center of the clean area (Cm), because 
other measurement positions were not exactly on the same positions as used in this setup.  

Regarding the ventilating blanket, configuration 1 showed a significant better performance than 
configuration 2 (P = 0.000, n = 120).  Further evaluation of the results of configuration 1 showed a 
more stable performance of the protection class measurements. Next to this, a good performance 
with respect to the recovery time measurement was reported too. However, smoke measurements 
visualized that contaminated surrounding air was entrapped into the HEPA-filtered airflow, which 
probably influenced the relative particle concentrations in the wound area negatively. For this 
reason, a new configuration with configuration 1 as starting point and which combines the strengths 
of both configurations could be a promising solution for further research. In this new configuration 
filtered air must be supplied around the wound area and partly from the top surface of the blanket. 

Contrary to the ventilating blanket, the ventilating instrument table of configuration 2 showed a 
significant better performance than both series of configuration 1 (P = 0.000, n = 60 per series). 
Because configuration 2 did already satisfy performance level 1 of the WIP (2014) a combination of 
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both configurations would probably not contribute to an improved performance. Therefore further 
research should focus on improvements of the design of configuration 2 as discussed in the previous 
subsection.  

 
3.4 Summary full-scale setup 
Protection class measurements of the ventilating blanket pointed out that the particle concentration 
could be reduced to 1.2-11.0% in the center of the wound area and to 23.0-35.9% at the vertices of 
the blanket (Table 9). At one vertex (C4) a concentration of 0% was measured, which could be 
explained by a dissimilarity in the layout of the ventilating blanket. Measurements at the vertices of 
the wound area demonstrated a particle concentration between 0.0-4.8%. In conclusion, the WIP 
(2014) was not satisfied at the majority of the measurement positions, only position C4 and three 
positions at the vertices of the wound area did meet the requirement of PC = 2.  

The ventilating instrument table showed a stable performance. At 10 cm from the perimeter of 
the supply surface the measured particle concentration ranged 0.2-0.3%, at the center of the 
tabletop the particle concentration was 0.0%, which satisfied the requirements of the WIP (2014) 
(Table 9). The height of the protected area was 15 cm measured from the tabletop.  

Contrary to the expectations, additional room ventilation of 6 ACH, which is approximately half 
the volume of the local ventilation devices, decreased the performance of the ventilating blanket 
and contributed to a more mixed situation in the room. This could be explained by the fact that the 
room system supplied cool air in downward direction, which was opposite to the airflow direction of 
the local ventilation devices. However, differences for the ventilating instrument table were not 
statistically significant. Discussion of the measurement setup concluded that supplementary room 
ventilation with air supplied in the periphery would probably lead to lower relative particle 
concentrations. 

 
Table 9 Overview of the measured relative particle concentrations and protection class (PC) of the protection class 
measurements with only the local ventilation system turned on, values are the lower and upper value of the measured 
range. (*) measured values at position C4 of the ventilating blanket were excluded from the range as the relative particle 
concentration was constantly 0.0%. (**) Relative particle concentrations were constantly 0.0% and therefore the measured 
PC was always >3. 

 Series 1  Series 2  

 

Position C [%] PC [-] C [%] PC [-] 

Blanket     

Cm 1.2 - 2.5 1.6 - 2.0 4.1 - 11.0 1.0 - 1.4 

C1-C4
* 23.0 - 31.7 0.5 - 0.7 28.2 - 35.9 0.5 - 0.6 

Cs 0.9 - 1.6 1.9 - 2.1 1.3 - 4.9 1.4 - 1.9 

Table     

Cm 0.0 - 0.0 > 3**   

C1-C4 0.2 - 0.3 2.6 - 2.8   

Cs 0.8 - 2.4 1.7 - 2.2   

     
According to the ISO class measurement ISO 6 and ISO 5 were reached for the ventilating 

blanket and instrument table respectively. This means that the WIP (2014) was only met at the 
ventilating instrument table. Recovery time measurement of the ventilating blanket demonstrated 
that when contaminants were captured in the wound the system could hardly reduce the particle 
concentration to a value of less than 1-3% of the initial value.  

In conclusion, the results of the ventilating blanket demonstrated a wide range of particle 
concentration in the wound area and it turned out that the system could hardly reduce 
contaminants captured in the wound. Furthermore, it turned out that the prototype of configuration 
1, studied by De Visser (2014), showed a significant better performance (P = 0.000). For this reason, 
a new configuration which combines the strengths of both configurations could be a promising 
solution for further research. In this new configuration filtered air must be supplied around the 
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wound area and partly from the top surface of the blanket. The ventilating instrument table satisfied 
the requirements of the WIP (2014) and showed a stable performance. Further research can focus 
on possible applications, for instance also in combination with a vertical UDF system, which would 
enlarge the workspace of the surgeon as the position of the ventilating instrument table is not 
critical with respect to the dimensions of the protected area of the vertical UDF system.  More, 
application at operations with a small wound area and many instruments, of which protection is 
important, should be considered (e.g. robotic surgery).  

Finally, besides the application in an OT the local ventilation devices could offer a solution for 
operations outside the operating department. In rooms without the availability of a high-end 
ventilation system, improved air quality conditions are possible (e.g. treatment rooms, field 
hospitals) 
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4 Conclusion 
This study was done in order to find an answer to the main research question: what is the 
performance of the local ventilation system with respect to particle measurements in an at rest 
situation? The research was divided in two parts. One part studied the system’s sensitivity to six 
different parameters with the help of CFD simulations. The second part investigated the 
performance in a full-scale measurement setup.  

In the parameter study, configuration 1 showed a superior performance compared to 
configuration 2 with respect to the particle deposition in the wound. With a supply velocity of 0.1 m 
s-1 and 0.3 m s-1 for configuration 1 and 2 a particle deposition of 0.0% and 1.0% was achieved, 
respectively. Both configurations were sensitive to a supply temperature higher than the ambient air 
temperature. Furthermore, configuration 2 was sensitive to the velocity of the contamination and 
turbulence intensity of the filtered air supply.  

The performance of a prototype of the ventilating blanket and instrument table of configuration 
2 was studied in a full-scale setup according to the VCCN (2014). A relative particle concentration of 
1.0% (PC ≥2) at the vertices of the clean area and 0.1% (PC ≥3) at the center of the clean area was 
required (WIP, 2014). Particle concentrations between 1.2-11.0% were measured in the wound area 
of the ventilating blanket, which does not satisfy WIP (2014). At the vertices, 10 cm from the 
perimeter of the supply surface, relative particle concentrations ranged 23.0-35.9%. The ventilating 
instrument table showed a very stable performance and did meet the requirements of the WIP 
(2014) at a distance of 10 cm from the perimeter of the supply surface. Furthermore, contrary to the 
expectations additional room ventilation did not increase the performance of the ventilation 
devices. An overview of the results of the ventilating blanket and instrument table is depicted by 
Figure 35. 

Summarizing, the above results demonstrate that the ventilating instrument table satisfied the 
requirements by the WIP (2014). Therefore, further research should focus on practical application in 
the real environment. The ventilating blanket does not meet the requirements and showed a 
significant worse performance than configuration 1 studied by De Visser (2014). Therefore, further 
research is recommended to focus on a new configuration which combines the strengths of both 
configurations. In this new configuration filtered air must be supplied around the wound area and 
partly from the top surface of the blanket. 
 

 
Figure 35 Overview of the results of the full-scale measurements with a prototype of the ventilating blanket and 
instrument table of configuration 2. Measurements were performed according to the VCCN (2014). The WIP (2014) was 
used for interpretation of the results and demands a protection class (PC) of ≥3 at position Cm, a PC of  ≥2 at position C1-C4, 
a recovery time of ≤3 min and ISO class 5.  
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Recommendations 
In the parameter study six parameters were investigated of which one related to the geometry of 
the ventilation device (i.e. size of the wound area). In further studies more parameters related to the 
layout of the ventilation device can be evaluated (e.g. form of the wound area). Furthermore, 
parameters related to the contaminant source could be considered (e.g. turbulence intensity of the 
contaminated airflow and direction of the contaminant airflow). At last, particles of larger size can 
be considered to indicate if deposition for certain particle sizes is critical. 

 The parameter study indicated that the supply temperature is a critical parameter for the 
performance of both configurations. However, during the full-scale measurements a relation 
between the performance of the ventilation devices and the supply temperature was not observed. 
Further evaluation of the prototype should demonstrate if lower supply temperatures can increase 
the performance and to what extent a higher supply temperature affects the performance. 

In the full-scale setup one of the main concerns was the instability of the results of the 
ventilating blanket. A more sophisticated version of the prototype design should be considered for a 
better and more stable performance. A combination with the ventilating blanket studied by De 
Visser (2014) could offer a more promising solution as discussed in section 3.3.2. Secondly, further 
research on the used measurement setup should aim for stabilization of the measurement results to 
make comparisons between configurations and different measurement positions more valuable.  

Besides the application in an OT environment the local ventilation devices could offer a solution 
for operations outside the operating department. In rooms without the availability of a high-end 
ventilation system, improved air quality conditions are possible (e.g. treatment rooms, field 
hospitals). Furthermore, possible application of the ventilating instrument table can be studied in 
combination with a vertical UDF ventilation system This would enlarge the workspace of the surgeon 
as the position of the ventilating instrument table is not critical with respect to the dimensions of the 
protected area of the vertical UDF system.  Additionally, application for operations with a small 
wound area and many instruments, of which protection is important, should be considered (e.g. 
robotic surgery). Finally, topics related to hygiene and usability are important to take into 
consideration in the following design process.  
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Appendix A – Measurement equipment 
 

A.1 Parameter study 
 

Table 1 Characteristics measurement equipment used during the parameter study 

Variable Type sensor Manufacturer TU/e 
ID no. 

Range 
(output) 

Accuracy 

Air velocity Hot wire, Testo 
425 

Testo 0217 0-10 m/s ±0.05m/s + 5% 
readings + 0.01m/s 
readings 

Air velocity Hot sphere 
anemometer, 
SensoAnemo 
5132SF, SF3 

Sensor 
Electronic 

2511 0.05-5 m/s 
(0-5 V) 

±0.02m/s + 1.5% 
readings 

Temperature NTC thermistor, 
PR series 

Sensor Data 1742, 
1755, 
1762,  

-55-80oC ±0.05K 

Surface 
temperature 

NTC thermistor, 
PR series 

Sensor Data 2692 -55-80oC ±0.05K 

Power supply PS 3003 HQ Power  0-30V, 0-3A N/A 

Data logger SQ2010 Grant 
Instruments 

2672 N/A ±0.1% readings + 0.1% 
range 

Data logger SQ2020-2F8 Grant 
Instruments 

N/A N/A ±0.05% readings + 
0.025% range 

 
A.2 Full-scale experiments 

 
Table 2 Characteristics measurement equipment used during validation measurements of the full-scale study 

Variable Type sensor Manufacturer TU/e 
ID no. 

Range 
(output) 

Accuracy 

Air velocity Hot wire, Testo 
425 

Testo 0217 0-10 m/s  ±0.05m/s + 5% 
readings + 0.01m/s 
readings 

Air velocity Hot sphere 
anemometer, 
SensoAnemo 
5132SF, SF3 

Sensor 
Electronic 

2511 0.05-5 m/s 
(0-5 V) 

±0.02m/s + 1.5% 
readings 

Differential 
pressure 

Manometer, 
EBT721 

Alnor 0720 0-3735 Pa ±2% readings + 0.25 
Pa 

Volume Flow finder, 
MK2 

Acin 2289 10-550 
m3/h 

±3% readings, minimal 
3m3/h 

Data logger SQ2020-2F8 Grant 
Instruments 

N/A N/A ±0.05% readings + 
0.025% range 
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Table 3 Characteristics measurement equipment used during particle measurements of the full-scale study 

Variable Type sensor Manufacturer TU/e ID 
no. 

Range Accuracy 

Air velocity Hot wire, Testo 
425 

Testo 0217 0-10 m/s ±0.05m/s + 5% 
readings + 0.01m/s 
readings 

Temperature NTC thermistor, 
PR series 

Sensor Data 0060, 
1742, 
1762 

-55-80oC ±0.05K 

Data logger SQ2020-2F8 Grant 
Instruments 

1388 N/A ±0.05% readings + 
0.025% range 

Particle 
counter 

28.3 l/min, 
Solair 3100+ 

Lighthouse 27088* 6 channel 
(0.3µm, 
0.5µm, 
1µm, 
3µm, 
5µm, 
10µm) 

N/A 

Particle 
counter 

2.83 l/min, 
Handheld 
3016 

Lighthouse 27091*, 
27093*, 
27095* 

6 channel 
(0.3µm, 
0.5µm, 
1µm, 
3µm, 
5µm, 
10µm) 

N/A 

Particle 
source 

O-flow Lighthouse * N/A N/A 

*ID no. Interflow, devices are owned by Interflow, Wieringerwerf, The Netherlands 

 
Table 4 Characteristics measurement equipment used during comfort measurement of the full-scale study 

Variable Type sensor Manufacturer TU/e 
ID no. 

Range 
(output) 

Accuracy 

Temperature NTC thermistor, 
PR series 

Sensor Data 0060, 
1742, 
1762 

-55-80 oC ±0.05K 

Radiant 
temperature 

Black bulb, NTC 
thermistor, PR 
series 

Sensor Data 1773 -55-80 oC  ±0.05K 

Air 
temperature 

NTC thermistor, 
PR series 

Sensor Data 2598 -55-80 oC  ±0.05K 

Relative 
Humidity 

N/A N/A 2336 N/A  
(-6-12 V) 

N/A 

Air velocity Hot sphere 
anemometer, 
N/A 

Sensor 
Electronic 

0839 0.05-5 m/s 
(-6-6 V) 

±0.02m/s + 1.5% 
readings 

Data logger SQ2020-2F8 Grant 
Instruments 

1388 N/A ±0.05% readings + 
0.025% range 
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Impression protection class measurement  
 

 
 
Impression comfort measurement 
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Appendix B – Boundary conditions 
The boundary conditions of the supply surfaces were measured in advance of the validation study 
and applied in the CFD model. It turned out that the supply velocity was equally distributed over the 
supply surfaces and contained a low amount of turbulence <9%. In front of the high pressure 
laminate framework of the supply surface the velocity decreased and the turbulence intensity 
increased up to 62%. For this reason a uniform supply velocity and turbulence quantities were 
applied to the inlets of the CFD model, in combination with a high resolution grid including many 
details of the supply framework (see full report and appendix D). 

 
B.1 Measurement setup 
In advance of the validation measurement the boundary conditions of the measurement setup were 
validated by air velocity measurements with a hot sphere anemometer (Sensor-Electronic, type 
SensoAnemo 5132SF; accuracy: 0.02 m s-1 ± 1.5 % of the readings). Measurements last for 3 min with 
a sample frequency of 10 Hz. The aim of the validation measurements was to investigate the supply 
velocity profiles and turbulence intensity of the different inlets. First the results sensitivity to the 
measurement duration and direction of the sensor were investigated. Next, the inlet profiles over 
the three different inlets were measured. Measurement of the sideways contaminated inlet was 
conducted for two different supply velocities at all positions. Measurements of the HEPA-filtered air 
inlets were conducted at 2 different supply velocities at all positions and for 1 supply velocity for half 
of the positions. The results are demonstrated in section B.4.  

 

  
Figure 1 Impression of the air velocity measurement of the contaminated airflow (left) and configuration 1 (right) (picture 
was taken before the model was coated) 

 
B.2 Measurement time 
At the start of the measurements it was investigated if a measurement period of 3 min (10 Hz) was 
long enough. For this reason two extended measurements of 15 min were conducted at respectively 
position 12 and 17 of the sideways supply surface (Figure 4a). The results demonstrated that a 
measurement period of 3 min was sufficient as there was no difference in the results between 3 min 
and 15 min.  
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Figure 2 Air velocity measurements for position 12 (upper graph) and position 17 of Figure 4a. Measurements were 
performed for 15 min with a frequency of 10 Hz (9000 samples), the means and turbulence intensity of the first 3 min 
(1800 samples) were compared to the outcomes of 15 min 

 
Table 5 Investigation of the mean air velocity and turbulence intensity for a shorter and longer measurement period, for 
position 12 and 17 (Figure 4a)  

 Position 12 Position 17 

Duration U [m/s] I [%] U [m/s] I [%] 

3 min 0.22 8 0.34 1 

15 min 0.22 8 0.34 1 

 
B.3 Orientation of the sensor 
The effect of changing the orientation of the sensor with respect to the dominant flow direction was 
investigated, because not all positions could be measured with the sensor positioned similar to the 
calibration setup. Measurements were performed for 3 different directions illustrated by Figure 3. 
The sensor was placed at position 9 of the sideways supply surface (Figure 4a). It turned out that 
changing the direction of the sensor did not affect the results, all differences fell within the 
uncertainty range of the sensor (Table 6).  

 
Figure 3 Investigation of the sensors sensitivity to the orientation of the sensor with respect to the dominant flow 
direction, (a) upward orientated, which was the position used in the calibration setup, (b) downward orientation, and (c) 
horizontal orientation 

 
Table 6 Investigation the orientation of the sensor 

Orientation U [m/s] I [%] 

Upward* 0.35 ±0.031 1 

Downward 0.35 ±0.031 1 

Horizontal 0.34 ±0.030 1 
*position used for calibration  
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B.4 Air velocity profiles 
 
Contaminant inlet 

 
Figure 4 Measurement of the sideways supply surface which supplies contaminated air (ambient air), measures in mm, (a) 
measurement positions at 100 mm from the supply surface, (b) supplementary measurement positions close to the HPL 
framework, and (c) supply surface 

 
Table 7 Measurement of the sideways supply surface, positions according to Figure 4a. Mean air velocity (U) ± accuracy 
and measured turbulence intensity (I). When a measurement error occurred a N/A was placed 

 Series I Series II 

Points U [m/s] I [%] U [m/s] I [%] 

1 0.34 ±0.030 1 0.50 ±0.033 1 

2 0.32 ±0.030 1 0.49 ±0.033 1 

3 0.14 ±0.027 19 0.28 ±0.029 13 

4 0.32 ±0.030 2 0.49 ±0.033 2 

5 0.33 ±0.030 1 0.49 ±0.033 1 

6 0.33 ±0.030 1 0.50 ±0.033 1 

7 0.33 ±0.030 1 0.49 ±0.033 1 

8 0.15 ±0.027 25 0.24 ±0.029 17 

9 0.33 ±0.030 2 0.50 ±0.033 2 

10 0.33 ±0.030 1 0.50 ±0.033 1 

11 0.16 ±0.027 17 0.24 ±0.029 15 

12 0.14 ±0.027 22 0.07 ±0.026 29 

13 0.11 ±0.027 11 0.17 ±0.028 12 

14 0.16 ±0.028 26 0.24 ±0.029 18 

15 0.18 ±0.028 17 0.25 ±0.029 12 

16 0.33 ±0.030 1 0.49 ±0.033 1 

17 0.33 ±0.030 1 0.50 ±0.033 1 

18 0.16 ±0.028 22 0.23 ±0.029 16 

19 0.33 ±0.030 2 0.50 ±0.033 2 

20 0.33 ±0.030 1 0.49 ±0.033 1 

21 0.33 ±0.030 2 N/A N/A N/A 

22 0.33 ±0.030 1 0.49 ±0.033 1 

23 0.15 ±0.027 18 0.22 ±0.029 20 

24 0.34 ±0.030 2 0.50 ±0.033 2 

25 0.34 ±0.030 1 0.50 ±0.033 1 
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Table 8 Measurement of the sideways supply surface, positions according to Figure 4b, close to the framework. Mean air 
velocity (U) ± accuracy and measured turbulence intensity (I). 

 Series I Series II 

Points U [m/s] I [%] U [m/s] I [%] 

E1 0.33 ±0.030 1 0.50 ±0.033 1 

E2 0.34 ±0.031 1 0.50 ±0.033 1 

E3 0.34 ±0.030 1 0.50 ±0.033 1 

E4 0.33 ±0.030 1 0.49 ±0.033 1 

E5 0.33 ±0.030 1 0.49 ±0.033 1 

E6 0.34 ±0.030 1 0.49 ±0.033 1 

 
Configuration 1 

 

 
Figure 5 Measurement of the supply surface of configuration 1, measures in mm, (a) plan of the measurement positions at 
50 mm of the supply surface, measurement positions are numbered clockwise, (b) schematic section with measurement 
positions 1-4, and (c) impression of the supply surface of configuration 1 (picture was taken before the model was coated) 

 
Table 9 Measurement of the supply surface of configuration 1, positions according to Figure 5a-b. Mean air velocity (U) ± 
accuracy and measured turbulence intensity (I). When a measurement error occurred a N/A was placed, an empty cell (-) 
indicate that the position was not measured 

 Series I Series II Series III 

Points U [m/s] I [%] U [m/s] I [%] U [m/s] I [%] 

1 0.33 ±0.030 2 0.22 ±0.028 7 0.11 ±0.027 2 

2 0.34 ±0.030 2 0.28 ±0.029 2 0.12 ±0.027 2 

3 0.31 ±0.030 3 0.27 ±0.029 2 0.13 ±0.027 2 

4 0.33 ±0.030 2 0.25 ±0.029 2 0.13 ±0.027 3 

5 0.37 ±0.031 2 - - - 0.14 ±0.027 4 

6 0.35 ±0.031 2 - - - 0.15 ±0.027 3 

7 0.32 ±0.030 4 - - - 0.15 ±0.027 3 

8 0.32 ±0.030 4 - - - 0.16 ±0.028 4 

9 0.33 ±0.030 3 - - - 0.18 ±0.028 3 

10 0.35 ±0.031 2 - - - 0.19 ±0.028 2 

11 0.31 ±0.030 3 - - - 0.19 ±0.028 3 

12 0.42 ±0.032 9 - - - N/A N/A N/A 

13 0.32 ±0.030 2 0.21 ±0.028 4 N/A N/A  N/A 

14 0.34 ±0.030 2 0.26 ±0.029 2 N/A N/A N/A 

15 0.33 ±0.030 2 0.27 ±0.029 2 N/A N/A N/A 

16 0.34 ±0.030 2 0.26 ±0.029 2 N/A N/A N/A 
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Configuration 2  
 

 
Figure 6 Measurement of the supply surface of configuration 2, measures in mm, (a) measurement positions at 50 mm 
from the supply surface, (b) impression of the supply surface of configuration 2 (picture was taken before the model was 
coated) 

 
Table 10 Measurement of the supply surface of configuration 2, positions according to Figure 6a. Mean air velocity (U) ± 
accuracy and measured turbulence intensity (I).  When a measurement error occurred a N/A was placed, an empty cell (-) 
indicate that the position was not measured 

 Series I Series II Series III 

Points U [m/s] I [%] U [m/s] I [%] U [m/s] I [%] 

1 0.31 ±0.030 1 0.18 ±0.028 2 0.10 ±0.027 1 

2 0.11 ±0.027 17 0.07 ±0.026 17 0.08 ±0.026 2 

3 0.29 ±0.030 3 0.16 ±0.028 4 0.10 ±0.027 1 

4 0.13 ±0.027 16 0.06 ±0.026 24 0.08 ±0.026 3 

5 0.30 ±0.030 2 0.16 ±0.028 5 0.10 ±0.027 1 

6 0.31 ±0.030 1 0.17 ±0.028 2 0.10 ±0.027 1 

7 0.31 ±0.030 4 0.16 ±0.028 5 0.11 ±0.027 2 

8 0.32 ±0.030 4 0.18 ±0.028 4 0.11 ±0.027 1 

9 0.31 ±0.030 1 0.17 ±0.028 2 0.11 ±0.027 1 

10 0.31 ±0.030 1 - - - 0.11 ±0.027 1 

11 0.31 ±0.030 1 - - - 0.11 ±0.027 1 

12 0.33 ±0.030 1 - - - 0.11 ±0.027 1 

13 0.34 ±0.030 1 - - - 0.11 ±0.027 1 

14 0.32 ±0.030 1 - - - 0.11 ±0.027 1 

15 0.32 ±0.030 1 - - - 0.11 ±0.027 1 

16 0.32 ±0.030 1 - - - 0.11 ±0.027 1 

17 0.33 ±0.030 2 - - - 0.11 ±0.027 1 

18 0.32 ±0.030 1 - - - 0.11 ±0.027 1 

19 0.32 ±0.030 1 - - - 0.10 ±0.027 1 

20 0.31 ±0.030 1 - - - 0.10 ±0.027 1 

21 0.33 ±0.030 1 - - - 0.11 ±0.027 1 

22 0.35 ±0.031 1 - - - 0.11 ±0.027 1 

23 0.32 ±0.030 1 - - - 0.11 ±0.027 1 

24 0.34 ±0.030 1 - - - 0.10 ±0.027 1 

25 N/A N/A N/A - - - 0.04 ±0.026 62 

26 0.34 ±0.030 2 - - - 0.11 ±0.027 1 

27 0.08 ±0.026 15 - - - 0.04 ±0.026 16 

28 0.35 ±0.031 2 - - - 0.11 ±0.027 1 
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Appendix C – Grid sensitivity study 
The applied method and an extensive overview of the results of the grid sensitivity analysis are 
explained in this appendix. The objective of the grid sensitivity study was to investigate if the grid 
used for the parameter study was fine enough, in other words, that it did not had a significant 
impact on the calculation results.  

 
C.1 Method 
Figure 7 gives an impression of the applied steps for the grid sensitivity study before the start of the 
parameter study. For the first simulations the RNG k-ε model was applied for the grid sensitivity 
analysis as it has shown good and stable performance in several studies. Next, the validation study 
was performed which proved that the RSM model showed the best performance, as explained by 
appendix D. Finally, the grid sensitivity analysis was repeated for the RSM model as described in the 
full report. The relative error between the coarse and middle grid and middle and fine grid was 
calculated by equation C.1 and C.2 respectively. Next to the relative error the absolute error was 
evaluated. 

 

 
Figure 7 Schematic view of the sequential steps of the grid sensitivity analysis. In this appendix only the results of the RSM 
model are demonstrated. 

 
 

 
Figure 8 Impression of the studied grids in the grid sensitivity study, (a) coarse grid 182,250 cells, (b) middle grid 1,458,000 
cells, and (c) fine grid 4,000,752 cells 
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C.2 Results 
 

Relative error and absolute error of the studied grids 
 

Table 11 Results of the grid sensitivity study. Relative error and absolute error between the coarse and middle grid (δ1) and 
middle and fine grid (δ2) for the reference situation without ventilation and only a sideways contaminated airflow, 
configuration 1 with filtered air supplied perpendicular around the wound area and configuration 2 with filtered air 
supplied from the top surface of the blanket 

Parameter Unit δ  Reference Configuration 1 Configuration 2 

U [%] δ1 2.11 1.79 2.71 

δ2 3.87 2.23 1.98 

[m/s] δ1 0.00 0.00 0.01 

δ2 0.01 0.01 0.00 

k [%] δ1 34.60 44.37 25.36 

δ2 124.71 100.70 43.75 

[m2/s2] δ1 6.03e-5 7.00e-5 2.03e-4 

δ2 8.04e-5 6.96e-5 1.27e-4 

 
Mean values of the studied grids 

 
Table 12 Mean values (n = 34) of the studied parameters in the grid sensitivity study of the reference situation for the 
coarse, middle and fine grid. (

*
) the turbulence intensity (I) was given to give an indication on the error in turbulent kinetic 

energy, which is easier to interpret. I was calculated based on the mean values shown in this table and calculated by 
equation 2.3 in the full report. 

Parameter Unit Coarse Middle Fine 

U [m/s] 0.30 0.30 0.30 

k [m2/s2] 2.54·10-4 2.51·10-4 1.78·10-4 

I* [%] 4.3 4.3 3.6 

 
Table 13 Mean values (n = 34) of the studied parameters in the grid sensitivity study of configuration 1 for the coarse, 
middle and fine grid. (*) the turbulence intensity (I) was given to give an indication on the error in turbulent kinetic energy, 
which is easier to interpret. I was calculated based on the mean values shown in this table and calculated by equation 2.3 
in the full report. 

Parameter Unit Coarse Middle Fine 

U [m/s] 0.30 0.30 0.30 

k [m2/s2] 2.50·10-4 2.24·10-4 1.65·10-4 

I* [%] 4.3 4.0 3.5 

 
Table 14 Mean values (n = 34) of the studied parameters in the grid sensitivity study of configuration 2 for the coarse, 
middle and fine grid. (*) the turbulence intensity (I) was given to give an indication on the error in turbulent kinetic energy, 
which is easier to interpret. I was calculated based on the mean values shown in this table and calculated by equation 2.3 
in the full report. 

Parameter Unit Coarse Middle Fine 

U [m/s] 0.39 0.40 0.40 

k [m2/s2] 3.27·10-4 4.84·10-4 5.47·10-4 

I* [%] 3.8 4.5 4.8 
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Graphical illustration of the mean air velocity and turbulent kinetic energy 
 

 
Figure 9 Mean air velocity (U) of the coarse, middle and fine grid of the reference situation without ventilation and only a 
sideways contaminated airflow 

 

 
Figure 10 Turbulent kinetic energy (k) of the coarse, middle and fine grid of the reference situation without ventilation and 
only a sideways contaminated airflow 

 

 
Figure 11 Mean air velocity (U) of the coarse, middle and fine grid of configuration 1 
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Figure 12 Turbulent kinetic energy (k) of the coarse, middle and fine grid of configuration 1 

 

 
Figure 13 Mean air velocity (U) of the coarse, middle and fine grid of configuration 2 

 

 
Figure 14 Turbulent kinetic energy (k) of the coarse, middle and fine grid of configuration 2 
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Appendix D – Validation study 
A validation study was performed in advance of the parameter study as discussed in section 2.1.1 of 
the full report. This appendix starts with a brief description of the measurement model and supply 
conditions. Next, supplementary to the five setups discussed in the full report a sixth setup was 
studied with of the reference situation with a heat flux of 49.6 W m-2 applied to the wound surface 
(section D.2). Furthermore, a complete graphical overview of the validation measurements is 
presented to demonstrate the flow pattern.  
 
Abbreviations  
Ske   Standard k-ε (Launder and Spalding, 1974) 
Rke   Realizable k-ε (Shih et al., 1995) 
RNG   Renormalized Group k-ε (Yakhot et al., 1992) 
LRN   Low Reynolds Number modification of the RNG model (ANSYS Fluent, 2012) 
SST   Shear-Stress Transport k-ω (Menter, 1994) 
RSM   Reynold Stress Model (Launder et al., 1975) 

 
D.1 Measurement setup 

 
Measurement model  
The measurement setup studied by De Visser (2014) was used for the validation study. The model 
consisted out of a measurement domain of 1.00 m x 1.00 m x 1.11 m (L x W x H), similar to the 
computational domain except from the conditioning sections. An impression of the measurement 
setup is depicted by Figure 15. The model was constructed out of plywood coated at the inside of 
the model, supply frames were made of high pressure laminate (HPL). The supply frames of 
configuration 1 and 2 were exchangeable, illustrated by Figure 16, which made studying of both 
configurations possible. Two fans were connected to the contaminated sideways supply and HEPA-
filtered (H14 filter class, 99.995% efficiency) air supply respectively. As a result the contaminant 
velocity and filtered air supply velocity could be changed independently. A heat-exchanger was 
connected to the HEPA-filtered air supply route, which was used in the non-isothermal 
measurement series of configuration 1. For the non-isothermal measurement of configuration 2 an 
electric heater was placed at the intake of the contaminated airflow, the intake of the HEPA-filtered 
air was connected to the façade to create a satisfying temperature difference (not illustrated in the 
figures).  

 

 
Figure 15 Illustration of the measurement setup of the validation study. The setup consist of a sideways contaminated 
airflow supply and a HEPA filtered air supply. Configuration 1 and 2 refer to the supply area for configuration 1 and 2 
respectively 
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Figure 16 Impression of the measurement model, (a) measurement model used for the validation measurement and (b) 
demonstration of the exchangeability of the supply frames, supply frames on the picture are for configuration 2 

 
Supply conditions 
An overview of the supply conditions of the validation measurements is listed in Table 15. Reynolds 
numbers were estimated as described in the full report. During the non-isothermal measurement of 
configuration 1 and 2 the supply temperatures were constantly monitored with a sample interval of 
1 s (temperature sensor: Sensor Data, type PR series; accuracy: 0.05 K). Temperatures were 
measured in the supply ducts were they were connected to the plywood model. For configuration 1 
the temperatures varied between 17.9 K and 19.5 K (Figure 17). For configuration 2 the supply 
temperatures were much harder to control because of variations in outside temperature and 
because after 18.00 h the building ventilation stopped automatically, which was noted after 
consulting the measurement results. As a result a temperature difference between -4.5 K and -9.9 K 
was achieved (Figure 18). For this reason when the temperature differences exceeded the -7 K the 
measurement results were omitted in the calculation of the boundary conditions for the validation 
simulations with the CFD model.   

 
Table 15 Overview of the boundary conditions at the inlets during the validation measurements, three isothermal 
situations and two non-isothermal situations. The configurations refer to the definition described in the full report.  The 
supply conditions were applied as boundary condition in the CFD simulations of the validation study. (*)A heat flux of 49.6 
W m-2 was applied to the wound surface, the temperature at the wound surface was 27.79 oC (average of value before and 
after measurement).  (**)If ΔT exceeded 7 K the measurement was excluded to prevent for large variations in the boundary 
conditions during one measurement series.  

Config. Series Inlet ambient air Inlet  HEPA filtered air  

  U [m s-1] I [%] T [oC] Re [-] U [m s-1] I [%] T [oC] Re [-]  ΔT [K] 

ref I 0.36 1 - ≈ 24,000 - - - - - 

ref II* 0.31 1 21.67 ≈ 20,000 - - - - - 

1 I 0.36 1 - ≈ 24,000 0.13 4 - ≈ 600 - 

1 II 0.31 1 21.87 ≈ 20,000 0.09 45 34.13 ≈ 400 12.3 

2 I 0.36 1 - ≈ 24,000 0.11 2 - ≈ 2,000 - 

2 II 0.28 2 28.35 ≈ 19,000 0.12 5 22.55 ≈ 2,000 5.8** 
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Figure 17 Measured temperature differences for configuration 1 during the non-isothermal validation measurements. The 
temperature difference was calculated between the supply temperatures of the sideways contaminated airflow minus the 
temperature of the HEPA filtered airflow  
 

 
Figure 18 Measured temperature differences for configuration 2 during the non-isothermal validation measurements. The 
temperature difference was calculated between the supply temperatures of the sideways contaminated airflow minus the 
temperature of the HEPA filtered airflow 

 
D.2 Heat flux 
The impact of a heat flux generated by the wound of the patient was measured in the reference 
situation (Figure 19). Initial it was planned to include this in the base case. However, in a later 
stadium of the research the heat flux was omitted in the base case for better comparison with 
measurement results and to decrease the complexity of the simulation study. For this reason the 
results of this configuration were not included in the selection for a turbulence model. 
Measurements were performed according to the method explained in the full report. Contrary to 
the description in the full report a SQ2010 data logger (accuracy: ± 0.1 % of the readings + 0.1 % of 
the range) was used in this measurement setup. Furthermore, measurements were performed at 19 
positions at the lower half of the model because it turned out that at >0.35 m of the wound surface 
the effect of the heat flux was negligible.  

 

 
Figure 19 Reference situation with a heat flux of 49.6 W m-2 applied to the wound surface, (a) schematic illustration of the 
situation, (b) impression of the measurement model, the heat flux was applied to the aluminum plate in the wound area, 
the surface temperature sensor was mounted on the top surface, and (c) close up of the air velocity sensor (left) and 
temperature sensor with radiant shield (right) 



Appendix D 

D.3 Relative error  
The relative error between the measurement and validation results was investigated by equation 
D.1.  

 

δ1 = ∑|
𝑋𝑖;𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑋𝑖;𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑋𝑖;𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
| ∗ 100%

34

𝑖=1

 (D.1) 

 
Table 16 Relative error of the velocity magnitude (U) for the isothermal situation 

Velocity magnitude           

  Ske Rke RNG LRN SST RSM 

Reference  5 4 5 6 5 5 

Configuration 1 7 7 7 9 8 8 

Configuration 2 8 7 10 10 10 10 

Mean 7 6 7 8 8 8 

 
Table 17 Relative error of the turbulent kinetic energy (k) for the isothermal situation 

Turbulent kinetic energy         

  Ske Rke RNG LRN SST RSM 

Reference  96 69 94 67 30 52 

Configuration 1 213 198 194 87 60 60 

Configuration 2 2467 4457 1089 236 344 103 

Mean 925 1575 459 130 145 72 

 
Table 18 Relative error of the velocity magnitude (U) for the non-isothermal situation. 1Mean value of the three 
configurations, 2mean value of configuration 1 and 2 (used in the full report) 

Velocity magnitude 

  RNG LRN SST RSM 

Reference  9 14 9 8 

Configuration 1 10 16 12 9 

Configuration 2 9 10 11 10 

Mean1 9 13 11 9 

Mean2 9 13 12 10 

 
Table 19 Relative error of the turbulent kinetic energy (k) for the non-isothermal situation. 1Mean value of the three 
configurations, 2mean value of configuration 1 and 2 (used in the full report) 

Turbulent kinetic energy     

  RNG LRN SST RSM 

Reference  49 48 27 50 

Configuration 1 83 82 64 74 

Configuration 2 578 186 251 114 

Mean1 237 106 114 79 

Mean2 331 134 158 94 
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Table 20 Relative error of the temperature (T) for the non-isothermal situation. 1Mean value of the three configurations, 
2mean value of configuration 1 and 2 (used in the full report) 

Temperature 

  RNG LRN SST RSM 

Reference  3 4 4 3 

Configuration 1 5 5 5 5 

Configuration 2 6 6 6 6 

Mean1 4 5 5 4 

Mean2 5 5 5 5 

 
Mean values and absolute error of the RSM model 
 
Table 21 Mean values of the mean air velocity (U) and turbulent kinetic energy (k) of the isothermal validation 
measurements and CFD simulations for the RSM model. (*) The turbulence intensity was calculated based on the mean air 
velocity and mean turbulent kinetic energy in order to give more insight in the measured and simulated amount of 
turbulence 

Parameter Unit Reference Configuration 1 Configuration 2 

  Exp CFD Exp CFD Exp CFD 

U [m/s] 0.31 0.32 0.30 0.3 0.39 0.42 

k [m2/s2] 3.52·10-4 2.45·10-4 5.00·10-4 2.36·10-4 4.25·10-4 4.78·10-4 

I* [%] 4.9 4.0 6.2 4.2 4.3 4.3 

 
Table 22 Mean values of the mean air velocity (U), turbulent kinetic energy (k) and temperature (T) of the non-isothermal 
validation measurements and CFD simulations for the RSM model. (*) The turbulence intensity was calculated based on the 
mean air velocity and mean turbulent kinetic energy in order to give more insight in the measured and simulated amount 
of turbulence 

Parameter Unit Reference Configuration 1 Configuration 2 

  Exp CFD Exp CFD Exp CFD 

U [m/s] 0.28 0.27 0.26 0.27 0.34 0.35 

k [m2/s2] 4.77·10-4 5.99·10-4 1.39·10-3 9.62·10-4 2.95·10-4 3.13·10-4 

T [oC] 21.89 22.42 23.76 23.54 26.27 25.49 

I* [%] 6.3 7.4 11.6 9.4 4.1 4.2 

 
Table 23 Relative error and absolute error of the RSM model for the isothermal validation measurement series 

Parameter Unit Reference Configuration 1 Configuration 2 

U [%] 5 8 10 

[m/s] 0.01 0.02 0.03 

k [%] 52 60 103 

[m2/s2] 3.00·10-4 3.19·10-4 2.12·10-4 

 
Table 24 Relative error and absolute error of the RSM model for the non-isothermal validation measurement series 

Parameter Unit Reference Configuration 1 Configuration 2 

U [%] 8 9 10 

[m/s] 0.02 0.02 0.03 

k [%] 50 74 114 

[m2/s2] 4.22·10-4 9.16·10-4 2.28·10-4 

T [%] 3 5 6 

[oC] 0.73 1.14 1.50 
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D.3 Graphical illustration 
 
Reference configuration 

 
Figure 20 Non-dimensional mean air velocity (U) for the isothermal reference situation. Comparison of the experimental 
data (exp) with CFD simulation results for different turbulence model 

 

 
Figure 21 Non-dimensional turbulent kinetic energy (k) for the isothermal reference situation. Comparison of the 
experimental data (exp) with CFD simulation results for different turbulence model 

 

 
Figure 22 Non-dimensional mean air velocity (U) for the non-isothermal reference situation with a heat flux applied to the 
wound surface. Comparison of the experimental data (exp) with CFD simulation results for different turbulence model 
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Figure 23 Non-dimensional turbulent kinetic energy (k) for the non-isothermal reference situation with a heat flux applied 
to the wound surface. Comparison of the experimental data (exp) with CFD simulation results for different turbulence 
model 

 

 
Figure 24 Non-dimensional temperature (T) for the non-isothermal reference situation with a heat flux applied to the 
wound surface. Comparison of the experimental data (exp) with CFD simulation results for different turbulence model 

 
 
Configuration 1 

 

 
Figure 25 Non-dimensional mean air velocity (U) for the isothermal situation of configuration 1. Comparison of the 
experimental data (exp) with CFD simulation results for different turbulence model 
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Figure 26 Non-dimensional turbulent kinetic energy (k) for the isothermal situation of configuration 1. Comparison of the 
experimental data (exp) with CFD simulation results for different turbulence model 

 

 
Figure 27 Non-dimensional mean air velocity (U) for the non-isothermal situation of configuration 1 with a higher supply 
temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for different 
turbulence model 

 

 
Figure 28 Non-dimensional turbulent kinetic energy (k) for the non-isothermal situation of configuration 1 with a higher 
supply temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for 
different turbulence model 
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Figure 29 Non-dimensional temperature (T) for the non-isothermal situation of configuration 1 with a higher supply 
temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for different 
turbulence model 

 
Configuration 2 

 

 
Figure 30 Non-dimensional mean air velocity (U) for the isothermal situation of configuration 2. Comparison of the 
experimental data (exp) with CFD simulation results for different turbulence model 

 

 
Figure 31 Non-dimensional turbulent kinetic energy (k) for the isothermal situation of configuration 2. Comparison of the 
experimental data (exp) with CFD simulation results for different turbulence model 
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Figure 32 Non-dimensional mean air velocity (U) for the non-isothermal situation of configuration 2 with a lower supply 
temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for different 
turbulence model 

 

 
Figure 33 Non-dimensional turbulent kinetic energy (k) for the non-isothermal situation of configuration 2 with a lower 
supply temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for 
different turbulence model 

 

 
Figure 34 Non-dimensional temperature (T) for the non-isothermal situation of configuration 2 with a lower supply 
temperature of the filtered air supply. Comparison of the experimental data (exp) with CFD simulation results for different 
turbulence model 
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Appendix E – DPM model 
 

E.1 Summary 
Apart from the passive scalar approach adopted in the final report, the Lagrangian approach was 
used as well for pollutant modeling. Contrary to the passive scalar approach the Lagrangian 
approach tracks each particle individually and takes into account the effect of gravity and drag force 
on the particle movement. As each particle is tracked individually a post-processing step is required 
to calculate the concentration field for which the PSI-C method is suggested by Zhang and Chen 
(2006). However, the PSI-C model did not work correctly with the output of the simulations in ANSYS 
Fluent. As a consequence, validation by measurement could not be performed and particle 
deposition in the wound was compared to the results of the passive scalar approach. Unfortunately, 
although similar trends were observed large deviations were obtained between the results of the 
passive scalar and Lagrangian approach. For this reason, and because literature suggested that a 
passive scalar would produce satisfying results, which was proved by the validation study, the 
Lagrangian model was not adopted in the final report.  

 
E.2 Method 
The Lagrangian approach tracks each particle individually by solving the momentum equation 
(equation E.1). One advantage of this approach is that information about individual particle 
trajectories can be derived and that it is applicable for all particle sizes. However, there is no 
standard approach which calculates the concentration field.  

 
𝑑𝑢𝑝⃗⃗ ⃗⃗  ⃗

𝑑𝑡
= 𝐹𝐷(�⃗� − 𝑢𝑝⃗⃗ ⃗⃗  ) +

�⃗� (𝜌𝑝−𝜌)

𝜌𝑝
+ 𝐹𝑎⃗⃗  ⃗  (E.1) 

 
The left-hand side of equation E.1 represents the inertial force of the particle, where 𝑢𝑝⃗⃗ ⃗⃗   is the 

particle velocity vector. The first term on the right-hand side is the drag force; the second term 
represents the gravitational and the buoyancy force on the particle, where ρ and ρp are the density 

of the continuum and the particle respectively. 𝐹𝑎⃗⃗  ⃗ represents the additional forces that may be 
important.  

The drag force is the most dominant force that acts on the particles and it follows the Stokes 
drag law (equation E.2). Where dp is the particle diameter and Cc the Cunningham correction factor, 
which was calculated by equation E.3. Where λ is the molecular free path, which is 6.6·10-8 m for air 
at 20 oC. 

 

𝐹 𝑑𝑟𝑎𝑔 = 𝐹𝐷(�⃗� − 𝑢𝑝⃗⃗ ⃗⃗  ) =
18µ

𝜌𝑝𝑑𝑝
2𝐶𝑐

(�⃗� − 𝑢𝑝⃗⃗ ⃗⃗  )  (E.2) 

  

𝐶𝑐 = 1 +
2𝜆

𝑑𝑝
(1.257 + 0.4𝑒−(

1.1𝑑𝑝

2𝜆
))   

(E.3) 

  
Additional forces that may act on the particle are generally negligible small, except from the 

Brownian force, and Saffman’s lift force, which may be relatively large for sub-micron particles (Zhao 
et al., 2004). For this reason only the Brownian force and Saffman’s lift forces were included as 
additional forces in the discrete phase calculations.  

The path of each particle is mainly determined by the mean velocity vector in each point, while 
the instantaneous velocity accounts for the turbulent dispersion of the particle path. A discrete 
random walk (DRW) model was applied to simulate the stochastic velocity fluctuations of the 
airflow. The DRW model assumes that the velocity fluctuations follow a Gaussian probability 
distribution. The fluctuating velocity components ui’, vi’, and wi’ are defined as equation E.4-E.6, 
where ζ is a normally distributed random number. Furthermore, the time scale constant CL was 
changed to 0.30 (ANSYS FLUENT, 2011). 
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𝑢𝑖
′ = 𝜁√𝑢𝑖

′2̅̅ ̅̅   
(E.4) 

  

𝑣𝑖
′ = 𝜁√𝑣𝑖

′2̅̅ ̅̅   
(E.5) 

  

𝑤𝑖
′ = 𝜁√𝑤𝑖

′2̅̅ ̅̅ ̅  
(E.6) 

 
When the particles reach the air inlets or exhaust they will escape and the trajectories 

terminate. When they reached a wall particles may either attach or rebound from the surface. 
Particles in ventilated room are most likely to attach to the surface, since they usually cannot 
accumulate enough rebound energy to overcome adhesion (Zhang and Chen, 2006). For this reason 
the trap boundary condition was applied to all the walls. Zhang and Chen (2006) argued that this 
method works well if the grid near the walls is sufficient fine.  

Particles considered in this study were of size 0.5 µm because they make up a large portion of 
the air and furthermore, the assessment of the VCCN (2014) guideline is focused on this size as well. 
The particles were assumed to have a density of 1000 kg m-3, which is in the same order of 
magnitude of vapor droplets and dust originating from building materials.  

The interaction between the continuous phase and the discrete phase was treated as one-way 
coupling, assuming that the particles do not affect the turbulent flow. The particles were tracked 
after the airflow field was converged. Particle trajectories of different size were calculated 
separately from each other.  

As a result of the simulation with a DRW model, stability of the Lagrangian method is an 
important issue (Zhang and Chen, 2006). A sufficient number of trajectories must be simulated in 
order to obtain statically stable results. Furthermore, the required sample size can be very case 
dependent and should therefore be investigated in advance. As the approach proposed by Zhang 
and Chen (2006) did not apply to the amount of depositing particles it was decided to track a large 
amount of particles compared to other researches (Zhang and Chen, 2006; Zhao et al., 2008; Zoon et 
al., 2010). For this reason 1,112,000 particles were tracked with the particle mass-flow equally 
distributed over the supply surface.  
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E.3 Results 
 

Table 25 Particle deposition [%] of the passive scalar and Lagrangian approach. Cells highlighted in light-blue refer to the 
base case 

  Configuration 1 Configuration 2 

Parameter Value Scalar Lagrangian Scalar Lagrangian 

Supply velocity 0.1 [m s-1] 0.0 0.0 3.0 5.0 

0.2 [m s-1] 0.0 0.0 1.9 8.0 

0.3 [m s-1] 0.0 0.0 1.0 0.0 

0.4 [m s-1] 0.0 0.0 - - 

Supply 
turbulence 
intensity 

5 [%] 0.0 0.0 3.0 5.0 

15 [%] 0.0 0.0 5.4 14.9 

25 [%] 0.0 0.0 8.7 27.6 

35 [%] 0.0 0.0 11.0 40.6 

45 [%] 0.0 0.1 12.7 46.8 

Temperature 
difference 
(Tsup-Tamb) 

-6 [K] - - 1.9 2.7 

0 [K] 0.0 0.0 3.0 5.0 

+3 [K] - - 36.0 500.1 

+16 [K] 0.8 1.4 - - 

+22 [K] 4.5 65.4 - - 

Contaminant 
velocity  

0.1 [m s-1] 0.0 0.0 1.6 7.6 

0.3 [m s-1] 0.0 0.0 3.0 5.0 

0.5 [m s-1] 0.0 0.0 6.8 13.9 

0.7 [m s-1] 0.0 0.0 15.0 35.6 

0.9 [m s-1] 0.0 0.0 26.5 66.6 

Length wound 0.4 [m] 0.0 0.0 3.0 5.0 

0.6 [m] 0.0 0.0 2.7 4.2 

Heat flux wound 0.0 [W m-2] 0.0 0.0 3.0 5.0 

45.5 [W m-2] 0.0 0.0 3.0 7.2 
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Appendix F – Results parameter study 
The results of the validation measurements are listed in Table 26 and Table 27 for configuration 1 
and 2 respectively. The results of the particle deposition in the wound for the passive scalar are 
shown in Table 25. 

 
Table 26 Simulation results and compared to measurements by De Visser (2014) for configuration 1. All values are relative 
particle concentrations (%).  Simulations results are values at 12 cm above the wound surface and (-1 cm, and +1cm) of the 
position. Measurements were performed at 12 cm above the wound surface, values are medians and (range). ΔC is the 
absolute difference between the scalar and measurement results. Cells highlighted in light-blue refer to the base case 

Parameter Value Scalar Measurement ΔC 

Supply 
velocity 

0.1 [m s-1] 11.9 (3.9, 26.2) 43 (15 – 84) 31 

0.2 [m s-1] 0.1 (0.0, 0.6) 12 (1 – 24) 12 

0.3 [m s-1] 0.0 (0.0, 0.0) 2 (0 – 11) 2 

0.4 [m s-1] 0.0 (0.0, 0.0) 0 (0 – 3) 0 

Temperature 
difference 
(Tsup-Tamb) 

-5 [K] - (-,-) - (- – -) - 

0 [K] 11.9 (3.9, 26.2) 43 (15 – 84) 31 

+22 [K] 62.2 (54.8, 70.0) 97 (88 – 100) 35 

Contaminant 
velocity  

0.1 [m s-1] 0.0 (0.0, 0.0) 12 (0 – 94) 12 

0.3 [m s-1] 11.9 (3.9, 26.2) 43 (15 – 84) 31 

0.5 [m s-1] 32.4 (11.2, 53.1) 66 (57 – 74) 34 

0.7 [m s-1] 46.0 (26.0, 64.3) 69 (63 – 78) 23 

0.9 [m s-1] 54.7 (35.9, 72.0) 77 (67 – 86) 22 

 
Table 27 Simulation results and compared to measurements by De Visser (2014) for configuration 2. All values are relative 
particle concentrations (%).  Simulations results are values at 12 cm above the wound surface and (-1 cm and +1cm) of the 
position. Measurements were performed at 12 cm above the wound surface, values are medians and (range). ΔC is the 
absolute difference between the scalar and measurement results. Cells highlighted in light-blue refer to the base case 

Parameter Value Scalar  Measurement  ΔC 

Supply 
velocity 

0.1 [m s-1] 0.9 (1.3, 0.6) 0 (0 – 2) 1 

0.2 [m s-1] 0.2 (0.2, 0.2) 0 (0 – 2) 0 

0.3 [m s-1] 0.1 (0.1, 0.1) 0 (0 – 3) 0 

0.4 [m s-1] - (-, -) - (- – -) - 

Temperature 
difference 
(Tsup-Tamb) 

-5 [K] 0.8 (1.1, 0.6) 0 (0 – 3) 1 

0 [K] 0.9 (1.3, 0.6) 0 (0 – 2) 1 

+22 [K] - (-, -) - (- – -) - 

Contaminant 
velocity  

0.1 [m s-1] 0.3 (0.4, 0.3) 0 (0 – 2) 0 

0.3 [m s-1] 0.9 (1.3, 0.6) 0 (0 – 2) 1 

0.5 [m s-1] 3.4 (4.1, 2.7) 0 (0 – 4) 3 

0.7 [m s-1] 11.8 (12.2, 11.4) 1 (0 – 6) 11 

0.9 [m s-1] 23.3 (23.9, 22.7) 17 (8 – 21) 6 
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Table 28 Particle deposition [%] of the passive scalar and Lagrangian approach. Cells highlighted in light-blue refer to the 
base case 

  Configuration 1 Configuration 2 

Parameter Value Scalar Scalar 

Supply velocity 0.1 [m s-1] 0.0 3.0 

0.2 [m s-1] 0.0 1.9 

0.3 [m s-1] 0.0 1.0 

0.4 [m s-1] 0.0 - 

Supply 
turbulence 
intensity 

5 [%] 0.0 3.0 

15 [%] 0.0 5.4 

25 [%] 0.0 8.7 

35 [%] 0.0 11.0 

45 [%] 0.0 12.7 

Temperature 
difference 
(Tsup-Tamb) 

-6 [K] - 1.9 

0 [K] 0.0 3.0 

+3 [K] - 36.0 

+16 [K] 0.8 - 

+22 [K] 4.5 - 

Contaminant 
velocity  

0.1 [m s-1] 0.0 1.6 

0.3 [m s-1] 0.0 3.0 

0.5 [m s-1] 0.0 6.8 

0.7 [m s-1] 0.0 15.0 

0.9 [m s-1] 0.0 26.5 

Length wound 0.4 [m] 0.0 3.0 

0.6 [m] 0.0 2.7 

Heat flux wound 0.0 [W m-2] 0.0 3.0 

45.5 [W m-2] 0.0 3.0 
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Appendix G – Validation prototypes 
The air velocity distribution over the supply surface of the ventilated blanket and ventilated 
instrument table was measured in advance of the full-scale measurements. The objective of the 
measurement series was to validate if the system works correctly. The system was assumed to work 
correctly if a uniformly distributed air supply velocity was achieved over the supply surface of the 
table. Next, the air velocity distribution was measured in the full-scale setup. The objective of this 
measurement was to validate the performance of the system and map the supply velocity in the full-
scale measurements.  

 
G.1 Method  
The distribution of the supply velocity was measured by a hot sphere anemometer (Sensor-
Electronic, type SensoAnemo 5132SF; accuracy: ±0.02 m/s ± 1.5% of the readings). The anemometer 
was connected to a Squirrel 2020 data logger (Grant Instruments; accuracy: ± 0.05% readings ± 
0.025% range). The air velocity was measured for a period of 90 s with a frequency of 10 Hz. The 
mean air velocity and turbulence intensity were calculated in order to characterize the performance 
of the system.   

In the full-scale setup the ventilation devices were installed as shown in Figure 35. In the full-
scale setup instantaneous air velocity measurements were measured by a handheld air velocity 
meter (Testo 425; accuracy: ± 0.05 m/s  ± 5% value ± 0.01 m/s). For this reason measurements were 
not as accurate as with a hot sphere anemometer and turbulence intensity could not be measured. 

 

 
Figure 35 Full-scale setup of the ventilating instrument table (left) and the ventilating blanket (right). The supply surface of 
both ventilation devices is illustrated by the bleu lines. The fans were positioned outside the operating theatre and 
connected to the ventilation devices as illustrated by the arrows. The supply temperatures and room temperature were 
monitored during the measurement series.  
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G.2 Ventilated blanket 
 

As built 
The supply air velocity was measured at 38 points distributed over the different partitions of the 
ventilated blanket depicted by Figure 36. Furthermore, dimensions of the ventilated blanket are 
further expressed by two sections through the center of the prototype illustrated by Figure 37.  

Air velocity measurements demonstrated some remarkable differences in supply velocities 
between different positions (Table 29). The measured supply velocity ranged 0.10-0.39 m/s, the 
average supply velocity was 0.25 m/s. An explanation could lie in the construction of the blanket 
which was handmade by the author of this report. Furthermore, partitions were cut on the inside to 
reduce the internal resistance and optimize the air distribution inside the ventilated blanket. 
However, as a consequence this could have caused difference in supply velocities for different 
partitions as well.  Measured turbulence intensities demonstrate a higher overall turbulence 
intensity at one side of the ventilated blanket (position 1-15). Contrary to the full-scale 
measurement setup a HEPA-filter was not connected in between the fan and ventilated blanket. 

 

 
Figure 36 Top view of the ventilated blanket including measurement positions, measurements were performed at 50 mm 
above the supply surface. Dashed lines illustrate the cut partitions to reduce the internal resistance of the blanket and 
optimize the internal air distribution. The grey circles illustrate the connection with the air supply ducts of Ø160 mm. The 
pumps were removed for the prototype, which weakened the internal construction of the blanket  

 

 
Figure 37 (a) longitudinal section and (b) cross section of the ventilated blanket. Supply surfaces are expressed by dashed 
lines 
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Figure 38 Impression of the validation measurement setup in the building physics and services laboratory at Eindhoven 
University of Technology 

 
Table 29 Measured mean air velocity and turbulence intensity of the ventilated blanket during the validation 
measurements in the building physics and services laboratory at Eindhoven University of Technology, measurement 
positions according to Figure 36 

Position U [m/s] I [%] Position U [m/s] I [%] Position U [m/s] I [%] 

1 0.22 6 16 0.12 1 24 0.21 1 

2 0.26 4 17 0.10 1 25 0.15 2 

3 0.27 2 18 0.21 2 26 0.23 2 

4 0.19 11 19 0.17 5 27 0.32 2 

5 0.15 27 - - - 28 0.26 5 

6 0.18 10 - - - 29 0.25 5 

7 0.17 15 - - - 30 0.28 4 

8 0.23 4 - - - 31 0.30 4 

9 0.23 12 - - - 32 0.24 5 

10 0.14 26 - - - 33 0.31 2 

11 0.15 27 - - - 34 0.34 2 

12 0.39 8 20 0.28 2 35 0.34 1 

13 0.20 15 21 0.34 2 36 0.37 2 

14 0.39 9 22 0.39 2 37 0.37 3 

15 0.25 19 23 0.22 12 38 0.16 24 

 
Full-scale setup 
Supply air velocities were measured in the full-scale setup with the ventilated blanket positioned 
over the dummy (Figure 39). The measured air velocity ranged 0.17-0.35 m/s, which was smaller 
compared to the measurement results by the hot sphere anemometer. The average supply velocity 
was 0.24 m/s and was limited by the maximum capacity of the fan.  
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Figure 39 (a) cross-section and (b) longitudinal section of the ventilated blanket with measurement positions of the air 
velocity measurements in the full-scale setup. Measurement positions according to Figure 36. Dashed lines illustrate the 
supply surface of the ventilated blanket. The blanket was positioned in the full-scale setup with position 24-38 alongside 
the ventilated instrument table 

 
Figure 40 Instantaneous measured air velocity in the full-scale setup. Measurement positions according to Figure 36 

Position U [m/s] Position U [m/s] Position U [m/s] 

1 0.35 16 0.30 24 0.24 

2 0.25 17 0.27 25 0.25 

3 0.21 18 0.20 26 0.20 

4 0.26 19 0.23 27 0.25 

5 0.24 - - 28 0.23 

6 0.25 - - 29 0.21 

7 0.22 - - 30 0.28 

8 0.21 - - 31 0.23 

9 0.23 - - 32 0.19 

10 0.24 - - 33 0.26 

11 0.20 - - 34 0.30 

12 0.22 20 0.21 35 0.22 

13 0.17 21 0.23 36 0.27 

14 0.24 22 0.28 37 0.27 

15 0.27 23 0.29 38 0.30 

 
G.3 Ventilated instrument table 

 
As built  
A prototype of the ventilated instrument table was manufactured by Interflow, part of BAM 
Techniek. The construction of the table was made of chipboard with white veneer on both sites. The 
tabletop (i.e. supply surface) was made of high pressure laminate. The supply grilles were made of 
powder coated steel plates with a perforation rate of 23%. The supply surface measures 0.8 x 0.6 m. 
The table was placed on a wooden frame with the supply surface at 1.15 m height (Figure 41). An 
overview of the measures of the instrument table is depicted in Figure 42. The setup consists of a fan 
which was connected to the table by two ducts of 160 mm diameter. The ducts end at a High 
Efficiency Particulate Air (HEPA) filter, which was integrated in the instrument table. Besides the 
filter function the HEPA filter also contributes to achieve a uniform air velocity over the supply 
surface by offering a high counter-pressure.  
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Air velocity measurements were performed at 21 points at 100 mm above the supply surface. 
The measurement positions are depicted in Figure 42. 12 points were distributed equally over the 
supply surface. 9 points were added to denser the measurement grid in one corner; it was assumed 
that the other corners would have a similar airflow pattern.  

The results of the air velocity measurements are depicted by Figure 43 and Figure 44. At 
position 1-12 a uniform air velocity was measured of which the differences were in between the 
uncertainty range of the measurement equipment. A higher air velocity was reported for positions 
close to the framework of the supply surface, probably caused by the air blocked by the framework 
and dispersed through the nearest openings. The turbulence intensity was on average 2.5 % over 
position 1-12. The turbulence intensity was increased close to the framework.  

 
 

 

 
Figure 41 Section of the measurement configuration of the validation measurement of the ventilated instrument table 

 

 
Figure 42 Top view of the ventilated instrument table, measures in mm. Measurement positions were measured at 100 
mm above the tabletop 
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Figure 43 Mean air velocity at 100 mm from the supply surface 

 
Figure 44 Turbulence intensity at 100 mm from the supply surface 

 
Table 30 Measured mean air velocity and turbulence intensity, 100 mm above the supply surface. Positions according to 
Figure 42 

Position U [m/s] I [%] Position U [m/s] I [%] 

1 0.21 3.1 a 0.20 1.7 

2 0.20 1.9 b 0.23 8.5 

3 0.20 1.8 c 0.21 1.6 

4 0.20 3.0 d 0.23 4.2 

5 0.22 3.6 e 0.21 1.7 

6 0.20 1.3 f 0.27 8.9 

7 0.20 1.2 g 0.24 6.6 

8 0.23 4.1 h 0.24 4.1 

9 0.21 3.5 i 0.26 7.1 

10 0.20 1.6    

11 0.21 1.8    

12 0.23 3.7    
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Full-scale setup 
Supply air velocities were measured in the full-scale at 5 positions distributed over the supply 
surface of the ventilated instrument table (Figure 45). The measured air velocity ranged 0.30-0.33 
m/s, the average supply velocity was 0.31 m/s.  

 
 

 
Figure 45 Air velocity measurement positions at the ventilated instrument table in the full-scale setup, (a) plan and (b) 
section. Measures in mm. The table was positioned with positions 4 and 5 alongside the ventilated blanket 

 
Table 31 Measured supply velocities in the full-scale setup. Positions according to Figure 45a 

Position U [m/s] 

1 0.30 

2 0.32 

3 0.30 

4 0.33 

5 0.32 
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Appendix H – VCCN measurements  
 
Nomenclature 
Parameter Unit Definition 

LF [-] Lillifors test of normality, when the value was >0.05 the data was normal 
distributed (ND) 

PC [-] Average protection class 

Cref [N/m3] Average measured particle concentration at the reference position in the 
periphery 

Tamb [oC] Ambient temperature, or room temperature 

Tsup,blanket [oC] Supply temperature of the ventilated blanket 

Tsup,table [oC] Supply temperature of the ventilated instrument table 

ΔTblanket [K] Temperature difference between Tsup,blanket minus Tamb  

ΔTtable [K] Temperature difference between Tsup,blanket minus Tamb 

 
H.1 ISO class 

 
Figure 46 Measurement setup of the ISO class measurements. Red dot ( ) particle counter, the supply surfaces of the 
ventilation devices are highlighted in blue. One measurement consist of four positions, during the first series the positions, 
Cref,3, C3, Cm3 and Cs were measured, during the second series the positions Cref,4, C4, Cm4 and the additional measurement 
position Cadd were measured. The 28.3 l min-1 counter was placed at position Cs and Cadd. 
 
Table 32 Mean particle concentration in particles per m3 and indicative ISO class per location (n = 3) 

 Protected area 
ventilated blanket 

Protected area ventilated 
instrument table 

Periphery 

Position C3 Cm,3 C4 Cm,4 Cref,3 Cs Cref,4 Cadd 

C [N/m3] 18,324 6,553 2,747 0 47,596 4,964 17,030 28,562 

ISO Class ISO 6 ISO 6 ISO 5 ISO 1 ISO 7 ISO 6 ISO 6 ISO 6 
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H.2 Ventilated blanket 
 
Table 33 Relative particle concentration of the ventilated blanket without room ventilation, series 1 (n = 15). Normality of 
the data was checked by the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that the data was 
normal distributed. The protection class (PC) value corresponds with the mean value of the relative particle concentration. 
Cref is the average measured particle concentration at the reference position in the periphery 

 Position 1 Position 2 Position 3 Position 4 

 
C1 Cm Cs C2 Cm Cs C3 Cm Cs C4 Cm Cs 

mean 31.7 1.2 1.2 23.6 1.6 0.9 23.0 1.9 1.6 0.0 2.5 1.5 

median 30.5 1.2 1.0 22.8 1.5 0.8 22.5 1.8 1.5 0.0 2.1 1.3 

std 10.0 0.6 0.8 4.2 0.5 0.3 10.7 0.7 0.7 0.0 1.0 1.0 

min 19.6 0.5 0.3 16.2 1.1 0.6 11.9 1.1 0.7 0.0 1.4 0.7 

max 52.3 2.6 3.8 31.2 3.0 1.7 51.7 3.2 3.4 0.0 4.5 5.0 

LF ND ND 0.018 ND ND 0.002 ND ND ND 0.000 ND 0.000 

             PC 0.5 2.0 2.0 0.6 1.8 2.1 0.7 1.8 1.9 5.0 1.6 1.9 

             Cref  24.2E+06 N/m3 44.9E+06 N/m3 16.7E+06 N/m3 16.0E+06 N/m3 

             Tamb 26.6 oC 26.7 oC 26.9 oC 26.2 oC 

Tsup,blanket 27.5 oC 27.5 oC 27.5 oC 27.5 oC 

Tsup,table 26.5 oC 26.5 oC 26.6 oC 26.4 oC 

ΔTblanket 0.9 K 
  

0.8 K 
  

0.6 K 
  

1.3 K 
   

Table 34 Relative particle concentration of the ventilated blanket without room ventilation, series 2 (n = 15). Normality of 
the data was checked by the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that the data was 
normal distributed. P-values relative to series 1 (two-tailed paired t-test). The protection class (PC) value corresponds with 
the mean value of the relative particle concentration. Cref is the average measured particle concentration at the reference 
position in the periphery 

 Position 1 Position 2 Position 3 Position 4 

 
C1 Cm Cs C2 Cm Cs C3 Cm Cs C4 Cm Cs 

mean 28.2 4.1 2.6 34.5 5.3 1.5 35.9 10.7 4.9 0.0 9.0 1.3 

median 27.5 3.6 2.4 30.5 5.2 1.5 34.2 9.5 4.6 0.0 8.5 1.1 

std 6.5 1.4 1.0 15.5 2.0 0.6 12.5 6.2 2.6 0.0 2.7 0.5 

min 19.9 2.7 1.4 18.8 0.8 0.5 18.5 3.1 1.4 0.0 5.5 0.7 

max 40.5 8.2 5.2 81.5 9.2 2.5 60.3 28.5 11.4 0.0 14.6 2.2 

LF ND ND ND 0.020 ND ND ND ND ND 0.000 ND ND 

P-value ns 0.000 0.000 0.008 0.000 0.012 0.003 0.000 0.000 0.014 0.000 ns 

             PC 0.6 1.4 1.6 0.5 1.3 1.9 0.5 1.0 1.4 5.1 1.1 1.9 

             Cref  46.2E+06 N/m3 19.7E+06 N/m3 7.4E+06 N/m3 10.0E+06 N/m3 

             Tamb 26.3 oC 26.0 oC 25.8 oC 26.0 oC 

Tsup,blanket 26.8 oC 26.8 oC 25.5 oC 26.7 oC 

Tsup,table 25.5 oC 25.5 oC 24.6 oC 25.4 oC 

ΔTblanket 0.5 K 
  

0.8 K 
  

-0.4 K 0.7 K 
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Table 35 Relative particle concentration of the wound area of the ventilated blanket (n = 10). Normality of the data was 
checked by the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that the data was normal 
distributed. P-values relative to series 1 because measurements were conducted at the same day (two-tailed paired t-
test).The protection class (PC) value corresponds with the mean value of the relative particle concentration. Cref is the 
average measured particle concentration at the reference position in the periphery 

 Position 1 Position 2 Position 3 Position 4 

 
C1 Cm Cs C2 Cm Cs C3 Cm Cs C4 Cm Cs 

mean 0.0 7.6 11.3 0.2 0.7 0.4 0.1 1.7 1.1 4.8 2.6 3.1 

median 0.0 7.6 10.4 0.1 0.6 0.4 0.1 1.7 1.0 4.4 2.6 3.2 

std 0.0 2.1 5.3 0.1 0.4 0.2 0.0 0.6 0.4 1.2 0.9 1.0 

min 0.0 4.6 5.9 0.1 0.4 0.3 0.0 0.7 0.5 3.4 1.4 2.1 

max 0.0 10.2 24.0 0.4 1.6 0.7 0.2 2.9 1.7 7.0 3.7 5.3 

LF 0.010 ND 0.002 0.016 ND ND ND ND ND ND ND ND 

P-value 
0.000 0.000 0.000 0.000 0.001 0.002 0.000 ns 0.031 0.000 ns 0.009 

             PC 4.5 1.1 1.0 2.9 2.2 2.4 3.2 1.8 2.0 1.3 1.6 1.5 

             Cref  11.5E+06 N/m3 30.5E+06 N/m3 12.1E+06 N/m3 5.0E+06 N/m3 

             Tamb 26.9 oC 27.0 oC 26.9 oC 27.0 oC 

Tsup,blanket 27.6 oC 27.8 oC 27.6 oC 27.6 oC 

Tsup,table 26.7 oC 26.7 oC 26.6 oC 26.6 oC 

ΔTblanket 0.7 K 
  

0.8 K 
  

0.7 K 
  

0.6 K 
   

Table 36 Relative particle concentration of the ventilated blanket with 6 ACH supplementary room ventilation (n = 15). 
Normality of the data was checked by the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that the 
data was normal distributed. P-values relative to the situation without room ventilation, series 1(*) and series 2(**) (two-
tailed paired t-test).The protection class (PC) value corresponds with the mean value of the relative particle concentration. 
Cref is the average measured particle concentration at the reference position in the periphery 

 Position 1 Position 2 Position 3 Position 4 

 
C1 Cm Cs C2 Cm Cs C3 Cm Cs C4 Cm Cs 

mean 15.6 3.8 1.2 29.0 13.7 3.2 4.9 6.4 1.1 0.0 17.1 2.4 

median 15.8 3.4 1.3 29.1 12.6 3.1 4.5 6.5 0.8 0.0 14.0 2.1 

std 4.2 0.9 0.6 4.2 4.1 1.2 2.7 3.1 0.8 0.0 10.6 1.3 

min 5.7 2.7 0.2 20.4 9.0 1.3 1.9 2.7 0.2 0.0 6.1 0.9 

max 22.9 5.8 2.4 35.4 23.5 5.0 10.2 12.3 2.9 0.0 44.1 6.0 

LF ND ND ND ND ND ND ND ND ND 0.000 ND 0.023 

P-value* 0.000 0.000 ns 0.002 0.000 0.000 0.000 0.000 ns 0.048 0.000 ns 

P-value** 0.000 ns 0.001 ns 0.000 0.000 0.000 ns 0.000 ns 0.020 0.010 

             

PC 0.8 1.4 2.0 0.5 0.9 1.5 1.4 1.3 2.1 5.2 0.8 1.7 

             Cref  40.4E+06 N/m3 10.3E+06 N/m3 29.9E+06 N/m3 8.3E+06 N/m3 

             Tamb 26.4 oC 26.2 oC 26.1 oC 25.9 oC 

Tsup,blanket 27.3 oC 27.1 oC 27.0 oC 26.9 oC 

Tsup,table 25.9 oC 25.8 oC 25.7 oC 25.6 oC 

ΔTblanket 0.9 K 
  

0.9 K 
  

1.0 K 1.0 K 
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H.3 Ventilated instrument table 
 

Table 37 Relative particle concentration of the ventilated instrument table (n = 15). Normality of the data was checked by 
the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that the data was normal distributed. The 
protection class (PC) value corresponds with the mean value of the relative particle concentration. Cref is the average 
measured particle concentration at the reference position in the periphery 

 Position 1 Position 2 Position 3 Position 4 

 
C1 Cm Cs C2 Cm Cs C3 Cm Cs C4 Cm Cs 

mean 0.2 0.0 1.9 0.3 0.0 0.8 0.2 0.0 2.4 0.2 0.0 1.9 

median 0.2 0.0 2.0 0.3 0.0 0.7 0.3 0.0 2.2 0.2 0.0 1.9 

std 0.1 0.0 0.9 0.1 0.0 0.5 0.0 0.0 1.0 0.1 0.0 0.5 

min 0.1 0.0 0.6 0.2 0.0 0.3 0.2 0.0 1.2 0.1 0.0 1.0 

max 0.3 0.0 3.5 0.4 0.0 2.2 0.3 0.0 4.6 0.3 0.0 2.7 

LF ND Const ND ND Const 0.015 ND Const ND ND Const ND 

             PC 2.8 7.4 1.8 2.6 7.7 2.2 2.6 7.3 1.7 2.8 7.4 1.7 

             Cref  30.3E+06 N/m3 46.8E+06 N/m3 18.9E+06 N/m3 25.9E+06 N/m3 

             Tamb 24.8 oC 24.6 oC 24.1 oC 24.6 oC 

Tsup,blanket 25.9 oC 25.9 oC 24.6 oC 25.6 oC 

Tsup,table 24.5 oC 24.6 oC 23.6 oC 24.3 oC 

ΔTtable -0.3 K 0.0 K -0.5 K -0.4 K 

 
Table 38 Relative particle concentration of the ventilated instrument table with 6 ACH supplementary room ventilation (n = 
15). Normality of the data was checked by the Lilliefors test (LF), 0.05 was used as significance criterion, ND indicates that 
the data was normal distributed. P-values relative to the situation without room ventilation (two-tailed paired t-test).The 
protection class (PC) value corresponds with the mean value of the relative particle concentration. Cref is the average 
measured particle concentration at the reference position in the periphery 

 Position 3 Position 4 

 
C3 Cm Cs C4 Cm Cs 

mean 0.5 0.0 5.7 0.5 0.0 2.4 

median 0.5 0.0 5.7 0.5 0.0 2.0 

std 0.1 0.0 1.9 0.1 0.0 1.6 

min 0.3 0.0 2.6 0.3 0.0 0.5 

max 0.6 0.0 10.2 0.9 0.0 6.9 

KS-lilliefors ND Const ND ND Const 0.002 

P-value ns ns ns ns ns ns 

       PC 2.4 6.6 1.3 2.3 7.0 1.7 

       Cref  4.1E+06 N/m3 9.1E+06 N/m3 

       Tamb 25.4 oC 25.7 oC 

Tsup,blanket 25.9 oC 26.6 oC 

Tsup,table 24.9 oC 25.3 oC 

ΔTtable -0.5 K -0.4 K 
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H.4 Other 
 

  
Figure 47 Ventilating blanket, (a) vertex C4 where the blanket was bulging and (b) vertex C2 where the blanket lay flat. 
Vertices C1 and C3 were similar to vertex C2. The difference in layout at position C4 decreased the height between the 
supply surface of the blanket (fabric) and measurement probe, which led to a relative particle concentration of 0.0%. 

 
H.5 Recovery time 

 
Table 39 Recovery time measurement of the ventilated blanket for particles released at position S1, S2, and S3 respectively. 
Particles were measured at the center of the wound area of the ventilated blanket (position Cm). Values are relative 
particle concentrations (%) with respect to the measured particle concentration at t = 0s. Last row shows the initial particle 
concentration (C) at t = 0s in particles per m3 

 S1 S1 (sensor downward) 

t [s] Cm(1) Cm(2)  Cm(3) Cm(4) Cm(5) Cm(6) Cm(7) Cm(8) 

0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

10 70.1 68.4 58.6 67.1 62.2 81.5 51.3 48.3 

20 19.1 46.7 33.1 26.1 25.8 55.6 26.7 27.1 

30 7.8 23.0 16.6 11.3 18.1 24.4 14.5 10.9 

40 5.5 11.1 10.4 5.3 8.1 10.6 8.0 5.5 

50 3.1 9.1 8.0 5.1 3.8 25.4 4.5 3.8 

60 12.6 6.5 9.5 7.2 2.5 14.7 5.4 5.7 

70 19.9 4.5 12.7 4.8 1.5 6.0 5.8 7.1 

80 27.9 2.4 13.2 2.7 0.8 3.2 5.5 3.2 

90 43.6 1.6 24.2 1.5 0.6 2.1 5.8 2.1 

100 71.9 1.5 26.0 1.9 0.9 1.3 6.0 2.2 

110 80.2 2.7 25.5 1.9 0.7 1.0 5.6 2.2 

120 94.0 2.1 27.3 2.3 1.5 1.1 9.7 1.7 

130 88.8 2.6 28.8 1.9 1.5 1.6 8.6 1.8 

140 110.1 1.8 45.5 1.7 1.6 1.2 7.0 2.3 

150 107.3 1.8 44.3 1.8 1.6 0.7 6.9 3.0 

160 117.1 2.0 47.2 1.7 1.4 0.9 8.2 3.1 

170 110.2 1.8 49.9 1.7 1.3 1.1 6.6 3.7 

180 138.9 1.8 53.8 1.7 1.1 1.8 8.8 3.2 

         

C [N/m3] 6.16E6 2.29E8 1.04E7 1.79E8 2.94E8 1.98E8 3.77E7 8.75E7 
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 S2 S3 

t [s] Cm(9) Cm(10) Cm(11) Cm(12) Cm(13) Cm(14) 

0 100.0 100.0 100.0 100.0 100.0 100.0 

10 48.5 66.5 61.2 85.9 65.5 67.3 

20 22.2 62.0 21.9 59.8 53.5 25.5 

30 20.0 42.7 11.7 40.2 36.2 15.5 

40 17.2 36.7 7.2 26.2 25.7 6.5 

50 10.8 28.4 4.0 14.9 14.8 3.2 

60 7.7 25.5 3.2 8.1 5.9 1.6 

70 6.7 27.1 2.5 4.5 2.7 1.0 

80 7.4 53.2 2.3 2.4 1.2 0.4 

90 8.6 51.5 1.8 1.4 0.6 0.3 

100 7.5 68.5 1.9 0.8 0.3 0.2 

110 5.6 79.7 1.5 0.6 0.2 0.2 

120 4.8 68.5 1.4 0.4 0.1 0.2 

130 4.4 61.2 1.1 0.3 0.1 0.1 

140 5.6 44.9 1.4 0.2 0.0 0.1 

150 4.7 49.8 1.4 0.2 0.1 0.1 

160 6.6 63.0 2.1 0.2 0.0 0.1 

170 5.0 57.9 1.8 0.2 0.1 0.1 

180 5.3 53.6 2.1 0.2 0.0 0.1 

       

C [N/m3] 6.42E7 6.38E6 2.68E8 1.25E9 1.53E8 1.39E8 
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Appendix I – Additional particle measurements 
In this appendix additional measurements of the full-scale setup are shown. The section starts with a 
measurement series without ventilation (section I.1). In section I.2 the sensitivity measurements of 
the ventilating blanket and instrument table are shown. A supplementary series which is not 
included in the full report is shown by section I.3. The sections I.4 and I.5 relate to possible 
improvements of the measurement setup described by the VCCN (2014). In section I.4 the effect of 
adjusting the height of the reference position was investigated and in section I.5 further adjustments 
to the measurement setup were studied. Finally, in section I.6 the direction of the sensor was 
investigated in the recovery time measurements. An overview of the used measurement equipment 
is attached in appendix A. 

 
I.1 Measurement without ventilation 
To make sure that the contamination generated by the particle source moved through the room and 
reached the center of the wound area and instrument table three measurements were performed 
without any ventilation. Two measurements were conducted at the location of the ventilating 
blanket at position C3 and C4. One measurement was conducted at position C4 of the instrument 
table.  

The contamination measured at the reference position of C3 of the ventilating blanket showed a 
fluctuating pattern. While, at point C4 of both the ventilating blanket and instrument table the 
particle level increased almost linearly during the measurement. Overall, the major part of the 
contamination measured at the reference position did reach the sensor at the Cx, Cm and Cs. 
However, the pattern of the reference position was not stable during each series, which could lead 
to fluctuations in the relative particle concentrations and protection class. Furthermore, it could be 
that the contamination dispersion through the room differs per position, which could affect the 
results. However, the quantity of this effect is yet unknown as only three measurement series were 
conducted. 

 

 
 

 
Figure 48 Particle measurements with particle source and without any ventilation (a) ventilating blanket, position 3, (b) 
ventilating blanket, position 4, (c) ventilating instrument table, position 4 



Appendix I 

Additional room ventilation 
A similar control measurement was performed for the situation with additional room ventilation of 6 
ACH. It was assumed that the ventilation system worked as a mixed ventilation system, as the supply 
velocity was estimated to be approximately 0.02 m s-1. At first, one series was conducted according 
to the VCCN (2014) setup with the room ventilation turned on and the ventilating blanket and 
instrument table turned off. A measurement was performed for 15 minutes with the sensors 
positioned at position 3 of the prototype studied by De Visser (2014). The results depicted by Figure 
49 illustrate that the contamination was mixed through the room and did reach the wound area. 
However, at position Cs a lower concentration was measured of approximately 37 % of the reference 
value.  

 
 

 
Figure 49 Measured particle concentration, series with only room ventilation (6 ACH) 

 
I.2 Sensitivity measurement position 
In order to map the performance of the ventilating blanket and instrument table a set of sensitivity 
measurements was performed. In this section the results of the sensitivity measurements are 
demonstrated and discussed. The sensitivity measurements relate to the width and height of the 
measurement position and the direction of the measurement sensor. Finally, two positions of the 
ventilating blanket were measured with the simulation of an arm movement to give an indication of 
the robustness of the system. Measurements were conducted for 15 min with a sample interval of 1 
min. The last 10 samples were used for analysis of the relative particle concentration as described in 
section 3.1.2 of the full report. 

 
Position sensor at vertex clean area blanket 
Protection class measurements were performed at four different measurement positions at the 
surface of the ventilating blanket, depicted by Figure 50. The average relative particle concentration 
decreases from point C31 towards point C33, from 44 % to 0.2 %. Furthermore, Table 40 demonstrates 
that the particle concentration is again increased from point C33 towards Cm. Consulting the VCCN 
(2014) position Cm does not satisfy the requirement of PC ≥ 3. According to the vertices point C33 
would satisfy the requirement of PC ≥ 2, however point C31 and C32 do not reach this value.  
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Figure 50 (a) plan and (b) section of the measurement positions of the ventilating blanket at line C3-Cm. The distance 
between C31 and C32 was 10 cm. Position C32 was used for protection class measurement described in the full report 

 
Table 40 Relative particle concentration for different points at the surface of the ventilating blanket (n=10) 

 C31 Cm C32 Cm C33 Cm 

Mean (std) 43.88 (15.09) 3.55 (0.51) 19.69 (2.60) 7.03 (1.79) 0.21 (0.04) 4.52 (0.50) 

Median 40.86 3.59 19.33 7.25 0.22 4.63 

Range 27.01 – 75.74 2.77 – 4.43 16.12 – 25.60 4.42 – 8.92 0.14 – 0.27  3.61 – 5.43 

 
Position sensor at vertex clean area instrument table 
Protection class measurements were performed at five different points on a diagonal line to 
investigate the size of the protected area, as depicted by Figure 51. It turned out that at a distance of 
10 cm from the edge of the supply surface a PC ≥2 was achieved. A measurement point between 5 
and 10 cm from the edge was not considered because of the accuracy considered with placing the 
measurement equipment. At position Cm the measured particle concentration was 0.00 % satisfying 
a PC ≥3. 

 

 
Figure 51 (a) plan and (b) section of the measurement positions of the instrument table at line C4-Cm. The distance between 
position C41 and C42, and C42 and C43 was 5 cm, the distance between C43 and C44 was 10 cm. Position C43 was used for the 
protection class measurement described in the full report 

 
Table 41 Relative particle concentration for different points at the surface of the instrument table (n=10) 

 C41 Cm C42 Cm C43 Cm C44 Cm 

Mean 
(std) 

37.84 
(6.65) 

0.00 
(0.00) 

11.38 
(5.06) 

0.00 
(0.00) 

0.01 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

0.00 
(0.00) 

Median 37.31 0.00 13.46 0.00 0.01 0.00 0.00 0.00 

Range 28.93 – 
47.98 

0.00 – 
0.00 

4.12 – 
16.32 

0.00 – 
0.00 

0.00 – 
0.01 

0.00 – 
0.00 

0.00 – 
0.00 

0.00 – 
0.00 
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Height measurement positions ventilating blanket 
The height of the measurement sensor was investigated by replacing the sensor 6 cm lower and 12 
cm higher to respectively 1.14 m and 1.32 m. Because previous measurements have shown large 
difference between different series, at the end one measurement at 1.2 m (normal position) was 
conducted as control situation. Measured relative particle concentrations are demonstrated by 
Table 42. At position C3 no significant difference was observed between the three measurement 
heights. At the center of the protected area no significant difference was obtained between the 
sensor at 1.14 m and 1.2 m height (P = 0.052), while the particle concentration was significantly 
lower at 1.32 m (P = 0.000).  

 
Table 42 Relative particle concentration for different measurement heights of the ventilating blanket (n = 10) 

 1.14 m 1.20 m 1.32 m 

 C3 Cm C3 Cm C3 Cm 

Mean (std) 22.37 (20.42) 5.48 (4.90) 11.56 (2.13) 3.59 (0.63) 19.87 (12.44) 1.56 (0.77) 

Median 15.50 3.74 11.65 3.64 14.41 1.29 

Range 5.23 - 68.17 1.16 -16.14 8.15 -13.86 2.41 -4.47 8.48 -44.55 0.75 -3.26 

max     
  P-value  ns ns    ns 0.000 

 
Height measurement positions ventilating instrument table 
The height of the protective area was investigated by repositioning the sensor to 1.30 m and 1.40 m 
height, which is respectively 15 cm and 25 cm measured from the table top. At the vertex no 
significant difference was obtained between 1.20 m and 1.30 m, while the relative particle 
concentration had significantly increased at 25 cm (P = 0.005). When the direction of the sensor was 
changed downward at 25 cm the particle concentration had significantly reduced and did satisfy a PC 
≥2. At position Cm a relative particle concentration of 0.00 % was measured in all series. 

 
Table 43 Relative particle concentration for different measurement heights (and distance to the tabletop, i.e. supply 
surface) of the ventilating instrument table (n = 10) 

 1.30 m (15cm) 1.40 m (25cm) 1.40 m (25cm) downward 

 
 C4     Cm  C4     Cm  C4     Cm 

Mean (std) 0.13 (0.05) 0.00 (0.00) 6.85 (5.65) 0.00 (0.00) 0.43 (0.31) 0.00 (0.00) 

Median 0.14 0.00 4.41 0.00 0.33 0.00 

Range 0.07 -0.22 0.00 -0.00 2.63 -21.31 0.00 -0.00 0.05 -1.06 0.00 - 

P-value ns* ns* 0.005* ns* 0.006** ns** 

*P-value relative to measurement of position 4 shown in section 3.2.2 of the full report 
** P-value relative to measurement of position 4 at 25 cm, sensor directed upward 

 
Direction sensor ventilating blanket 
The direction of the measurement probe is not defined in the VCCN (2014). For this reason, the 
effect of the direction of the measurement probe was investigated illustrated by Figure 52. The 
results demonstrate a significant difference for the position at the vertex of the clean area (C3). 
Important to notice is that for the measurement facing upward a PC of <2 was not achieved, while 
for the series with the sensor facing downward a PC of >2 was obtained, which satisfy the 
requirement of the VCCN (2014). For the measurement point C3, in the center of clean area, no 
significant difference was obtained.  

 



Appendix I 

 
Figure 52 Impression of the measurement setup, (a) sensor facing upwards, (b) sensor facing downwards, (c) impression 
sensor facing downwards 

 
Table 44 Relative particle concentration for different sensor directions (n = 10) 

 Upward   Downward  

 C3 Cm  C3 Cm 

Mean (std) 20.77 (6.84) 2.12 (1.04) 
 

0.04 (0.03) 2.15 (1.53) 

Median 18.61 1.91 
 

0.03 1.98 

Range 14.2 – 36.30 1.02 – 4.35 
 

0.01 – 0.11 0.53 – 5.36 

P-value     0.000 ns 

 
Direction sensor ventilating instrument table 
The effect of the direction of the measurement sensor was investigated for the instrument table as 
well. Figure 53 gives an impression of the measurement setup. The measurements with the sensor 
facing downward were compared to the results listed in table Table 41, for two positions at the 
vertex and position Cm. For both positions C41 and C42 the measured particle concentration was 
significantly decreased when the sensor was facing downward. At position Cm the measured 
concentration was still 0.00 %. 

 

 
Figure 53 Impression of the measurement setup, (a) sensor facing upwards, (b) sensor facing downwards, (c) impression 
sensor facing downwards 
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Table 45 Relative particle concentration for the sensor facing downward of the ventilating instrument table (n = 10) 

 
C41 Cm C42 Cm 

Mean (std) 10.61 (3.60) 0.00 (0.00) 0.05 (0.01) 0.00 (0.00) 

Median 11.35 0.00 0.04 0.00 

Range 3.23 – 15.04 0.00 – 0.00 0.04 – 0.07 0.00 – 0.00 

P-value* 0.000 ns 0.000 ns 

*P-value relative to the results demonstrated by Table 41 

 
Simulation of an arm movement 
As final sensitivity measurement a series was conducted in order to investigate the robustness of the 
ventilating blanket (i.e. the performance under dynamic conditions). As this was not one of the main 
objectives of this study, only one movement was studied for only two vertices of the ventilating 
blanket. The studied movement was an arm movement approximately 20 cm above the wound area. 
The following adjustments were made to the measurement setup as discussed in section 3.1.1 of the 
full report. First, the ventilating instrument table was turned off and a robot arm was placed at 
measurement position Cs (Figure 54). The robot arm moved back and forth with a frequency of 0.2 
Hz. The sensor at position Cs remained unused during the measurement. It turned out that the 
relative particle concentration was significantly increased at position Cm, while no significant 
difference was observed at positions C2 and C3 (Table 46).  

 

 
Figure 54 (a) section of the measurement setup with arm movement, and (b) impression of the arm movement 

 
Table 46 Relative particle concentration of the ventilating blanket with an arm movement (n = 10) 

 

position 2 position 3 

 
C2 Cm C3 Cm 

Mean (std) 24.79 (7.39) 20.03 (5.63) 32.67 (10.83) 56.45 (15.35) 

Median 23.48 18.76 34.28 54.20 

Range 16.32 - 36.09 14.03 - 31.08 15.04 - 47.72 36.22 - 90.32 

P-value* ns 0.000 ns 0.000 

P-value** ns 0.000 ns 0.000 

*   P-value relative to measurement series 1 of the ventilating blanket 
** P-value relative to measurement series 2 of the ventilating blanket  

 
Hour measurement 
One measurement series was conducted for a period of one hour with a sample frequency of 1 
minute. The objective was to investigate if certain patterns of fluctuations in time would become 
visible. The measurement was conducted at position 3 of the ventilating blanket. The measured 
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particle concentrations are depicted in Figure 55. Large fluctuations in particle concentrations were 
observed at the reference measurement position, up to a factor 12 (5.4·106 – 66.2·106 particles/m3). 
The particle concentration at position C3 varied up to a factor 14 (0.5·106 – 7.6·106 particles/m3) 
while the fluctuations at Cm reduced to a factor 6 (0.2·106 – 1.1·106 particles/m3). In conclusion, no 
regular pattern was observed in the measurement results and in particularly no stationary situation 
of the measured particle concentration at the reference position was reached. 

In Figure 56 the measured particle concentration at the reference position is plotted together 
with the relative particle concentration at positions C3 and Cm. It turned out that peaks of the 
measured reference particle concentration lead to low relative particle concentrations and vice 
versa. However, in general the relative particle concentrations are oscillating around their mean 
value, except from moments when an extreme drop in the reference particle concentration 
occurred, which became visible at approximately 15 min. 

 
 

 
Figure 55 Measured particle concentrations during one hour at position 3 of the ventilating blanket 

 

 
Figure 56 Measured particle concentration at the reference position and relative particle concentration at position C3 and 
Cm of the ventilating blanket 
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I.3 Supplementary series 
One supplementary measurement series was conducted for the ventilating blanket at which the 
measurement positions were located at the sides of the ventilating blanket. The objective of this 
series was to map the system performance for the two directions perpendicular to the wound area.  
Three positions were investigated illustrated by Figure 57; a fourth position in the direction of the 
ventilating instrument table was ignored because the instrument table functioned as an obstacle for 
correct positioning of the sensors.  

From Table 47 it could be observed the measured particle concentration at position C1-2 was 
considerable higher than at the opposite position C3-4 where the measured concentration was 0.01 
%. Furthermore, during the measurement of C1-2 position Cm turned out to have a far higher particle 
concentration than during the other two measurements. Air supply velocity measurements 
demonstrated by appendix g did not offer an explanation for this. As the particle concentration at 
Cref,1-2 showed a strong rising line, instability of the measurement setup possibly accounts for these 
higher measured values. At positions Cref,2-3 and Cref,3-4 the concentration was more stable. 

Next, the positions at the sides of the blanket were compared to the positions at the vertices 
discussed in section 3.2.1 in the full report. All measured values at the sides were lower, except for 
position C4 where the measured concentration was 0.00 %. Finally, it should be noticed that 
compared to the measurement setup described in section 3.1.2 the distance between position Cx 
and Cref,x is reduced from √2 m to 1 m, which means that the contaminant source stands also closer 
to the ventilating blanket. However, by comparing the results in Table 47 to section 3.2.1 of the full 
report an effect on the relative particle concentration was not observed.  

 

 
Figure 57 Measurement positions at the sides of the ventilating blanket. Green dot ( ) particle emission, red dot ( ) 
particle counter, supply surface of the ventilation devices is highlighted in blue, dashed lines are virtual lines used for the 
construction of the measurement setup. One measurement consist of four positions, Cref,x, Cx, Cm and Cs. The 28.3 l counter 
was placed at position Cs. 
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Table 47 Relative particle concentration at the sides of the protected area of the ventilating blanket (n = 15) 

 
position 1-2 position 2-3 position 3-4 

 
 C1-2 Cm Cs C2-3 Cm Cs C3-4 Cm Cs 

mean 3.82 9.40 1.58 5.49 3.91 1.08 0.01 3.36 1.03 

median 3.82 9.93 1.52 5.52 3.82 1.02 0.01 3.11 0.87 

std 0.64 2.78 0.74 1.53 1.00 0.37 0.00 0.87 0.51 

min 2.68 4.74 0.53 3.27 2.51 0.50 0.00 1.51 0.33 

max 5.04 13.28 3.02 7.91 6.11 1.97 0.02 5.11 2.13 

 
I.4 Reference position 

 
Height reference measurement position and contamination source 
Qualitative measurements indicated that contamination was travelling first upwards from the 
contaminant source and moved around the reference measurement position towards the wound 
area illustrated by Figure 58. This effect was further researched by adjusting the height of the 
reference measurement position and contamination source. The objective was to investigate if the 
average measured contamination at position Cref would change and become more stable. Because of 
limited time the measurements were carried out at position 2 for the prototype of De Visser (2014) 
only. An impression of the measurement setup is illustrated by Figure 61a. The measurements were 
conducted for 15 minutes with a sample interval of 1 minute. In total five measurement series were 
conducted in total of which one according to the current setup of the VCCN (2014), with the 
contamination source at height 1.50 m and position Cref at height 1.20 m. The results of the adjusted 
height of Cref and the contamination source are depicted by Figure 59 and Figure 60 respectively. 
According to the height of position Cref little difference was observed in particle concentrations 
between different heights. Only with position Cref at 1.90 m a strong increasing contamination level 
was observed after 7 min. However, adjusting the height of position Cref did not stabilize the particle 
concentration in the periphery. Furthermore, lowering the contamination source did also not 
improve the stability of the measurement setup.  

 

 
Figure 58 Smoke measurements of the route of the contaminants, measurements were performed with the prototype 
studied by De Visser (2014) 
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Figure 59 Effect of changing the height of position Cref 

 
Figure 60 Effect of changing the height of the contamination source 

 
I.5 Modified setup 
The stability of the results was further studied by two modification of the measurement setup. First 
the measurement setup was scaled and secondly a similar methodology to the parameter study by 
De Visser (2014) was used.  

 
Scaled measurement setup 
The measurement setup of the VCCN was scaled proportionally to the dimensions of the VCCN 
(2014) setup for a vertical UDF system of 3.0 x 3.0 m. Three measurement series were compared. 
First a reference measurement was performed according to the setup used for the protection class 
measurements. In the second series the distance between C2 and Cref was scaled according to the 
dimensions of the studied protected area. Finally, the position of Cref and the contamination source 
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were scaled. Measurements were conducted at position 2 with the prototype of De Visser (2014) 
only, because of the limited measurement time available.  

The measured particle concentration at position Cref is depicted by Figure 62. In the scaled 
setups the measured particle concentration at Cref was a factor 2 to 3 lower than in the VCCN (2014) 
setup. In all series the particle concentration at position Cref increased almost linearly by the time. 
Table 48 demonstrates the relative particle concentrations at point C2 and Cm. Significant higher 
particle concentrations were measured at position C2 and Cm in the scaled setups, compared to the 
reference situation. 
 

 
Figure 61 Measurement setup of (a) VCCN (2014) measurement, (b) scaled distance between C2 and Cref,2 and (c) scaled 
distance between C2 and Cref,2 and Cref,2 and the contaminant source. Green dot ( ) particle source, red dot ( ) particle 
counter. All measurements were performed with the prototype studied by De Visser (2014) 

 

 
Figure 62 Particle concentration at position Cref for the investigation of the effect of a scaled measurement setup 

 
Table 48 Relative particle concentration for the VCCN (2014) setup and two scaled setups (n = 10), P-value with respect to 
the VCCN setup 

 Figure 61a (VCCN) Figure 61b  Figure 61c 

 C2 Cm C2 Cm C2 Cm 

Mean (std) 4.07 (0.64) 0.17 (0.06) 10.35 (1.09) 0.80 (0.25) 9.23 (1.50) 0.92 (0.23) 

Median 4.09 0.16 10.08 0.76 9.46 0.88 

Range 3.19 - 5.48 0.10 -0.30 8.78 -12.27 0.33 -1.19 6.24 -11.10 0.66 -1.42 

P-value   0.000 0.000 0.000 0.000 
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Local contamination source 
At last an experiment was performed of which the method was comparable to the parameter study 
by De Visser (2014). A continue contaminant flow was created whereby the contaminant source was 
connected to a funnel (Figure 63). During the measurement first only the contamination source was 
turned on for 10 minutes. Next the ventilating blanket and instrument table were turned on for 10 
minutes. After 10 minutes the ventilation devices were turned off and the measurement last for 
another 10 minutes with only the contamination source on.  

The measured particle concentration at position C3 and Cm is depicted by Figure 64. The particle 
concentration was gradually increasing while the ventilation devices were turned off. In the 10 
minutes the ventilation devices were turned on a constant particle level was measured at position 
Cm. However, at position C3 the particle concentration remained relatively constant compared to the 
other 20 minutes, except for one high peak. Finally, the results were evaluated according to the 
median of the 10 minutes with ventilation devices turned on divided by the average of the two 
medians of the periods when the devices were turned off. The measured particle concentration at 
position C3 and Cm was 78 % and 9 % respectively. 

 

 
Figure 63 Illustration of the measurement setup with a local contamination source (a) schematic illustration (b) impression 
of the setup with the prototype studied by De Visser (2014) 

 

 
Figure 64 Measured particle concentration with a local contaminant source 
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I.6 Recovery time 
The impact of placing the sensor upward or downward was investigated for position S1 of the 
recovery time measurements. The measurement was repeated three times. Figure 65 shows no 
noticeable differences when the sensor was directed downward. With the sensor facing downward a 
100 fold reduction was achieved in one series after 110 s.  
 

 
Figure 65 Recovery time measurement with the sensor facing upward (n = 5) and downward (n = 3) 
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Appendix J – Comfort measurement 
 

J.1 summary 
A comfort measurement was performed in order to investigate if the local ventilation devices 
formed a risk on the thermal comfort of the operating team. Parameters related to thermal comfort 
were measured at one position in the operating theatre, which lay in between the ventilated blanket 
and ventilated instrument table. The thermal comfort for the surgeon, nurse and anesthetist were 
evaluated by the use of the Predicted Mean Vote (PMV) and Draught Rating index (DR). 
Furthermore, the PMV and DR were studied as function of the ambient air temperature.  

Measured air velocities were low and for this reason the DR was not critical. During the 
measurement the ambient temperature could not be controlled which caused a warm sensation of 
thermal comfort for all members of the operating team. Assessment of the PPD model (Percentage 
People Dissatisfied correlated to the PMV) as function of the ambient temperature showed that it is 
difficult to obtain a neutral sensation of thermal comfort for all members of the operating team due 
to their different level of activity and different level of clothing insulation, something which was also 
suggested in earlier research. However, an approach of local ventilation would allow for other 
solutions to optimize the thermal comfort of the operating theatre personnel individually. 

 
J.2 Abbreviations and definitions 
 
DR Draught rating index 

Percentage of people that experience draught complains, in [%]. The DR was 
introduced by Fanger et al. (1988) and is also referred to as draft rating index in 
some literature. 

PMV Predicted Mean Vote 
Predicted thermal sensation by the model of Fanger et al. (1970). The thermal 
sensation is rated on a scale between -3 and +3, where -3 corresponds with a cold 
sensation of thermal comfort, 0 corresponds to a thermal neutral sensation and +3 
corresponds to a warm sensation. A value between -0.5 and +0.5 is recommended 
by WIP (2005) 

PPD Percentage People Dissatisfied 
Percentage of people that experience discomfort, in [%]. Derived from the PMV 
where 10% corresponds to a thermal sensation between -0.5 and +0.5. 

 
Table 49 Nomenclature, definition of the used parameters in the comfort measurements 

Parameter Unit Definition 

Tamb [oC] ambient temperature, or air temperature 

Trad [oC] Mean radiant temperature 

RH [%] Relative humidity 

U [m s-1] Air velocity 

I [%] Turbulence intensity 

clo [clo] Clothing 

q [W m-2] Activity level 

 
J.3 Method 
A few studies investigated the thermal comfort of the operating team. Generally they mention that 
the surgeon experiences a warm environment, while the nurse and nurse anesthesia experience a 
slightly cold and cold environment (Mazzacane et al., 2007; Van Gaever et al., 2014). Furthermore, it 
was noted that the surgeons in general desire a lower air temperature than described by guidelines 
(CBZ, 2004; Khodakarami et al., 2012). The idea behind local ventilation regarding the issue of 
thermal comfort is that the performance of the system, required to protect the wound area and 
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instruments, can be controlled independently from the room ventilation system. As a result, the 
ventilation system should reduce complaints of draught and the room temperature can be 
controlled independently from the air supply temperature of the local ventilation devices. The 
previous guideline WIP (2005) advocated the NEN-EN-7730 should be consulted for the calculation 
of the Predicted Mean Vote (PMV) as indicator for thermal comfort of the operating team. A PMV 
between -0.5 < PMV < +0.5 is desired, which corresponds with a Percentage People Dissatisfied 
(PPD) of < 10 %. Furthermore, several researches addressed the importance of draught as subject for 
complaints (Fanger and Christensen, 1986; Fanger et al., 1988). The NEN-EN-7730 mentions the 
Draught Rating (DR), based on experiments by Fanger et al. (1988). The DR is an indicator for the 
percentage of people that would experience discomfort as a result of draught and is expressed by 
equation J.1.  

 
𝐷𝑅 [%] = (34 − 𝑇𝑎𝑚𝑏)(𝑈 − 0.05)0.62(0.37 ∙ 𝑈 ∙ 𝐼 + 3.14)  (J.1) 

 
Where 

Tamb ambient temperature [oC] 
U  mean air velocity [m s-1] 
I  turbulence intensity [%]  
 
The comfort measurement was performed at measurement position Cs, which was also used 

during the protection class measurements. The air velocity, air temperature, radiant temperature 
and relative humidity (RH) were measured. Air velocity was measured at 1.80m height, the other 
sensors were mounted at 1.60m height. The comfort measurement was conducted for a period of 30 
minutes with a sample interval of 1s. Furthermore, it should be noticed that the comfort 
measurements are not part of preliminary guidelines (VCCN, 2014; WIP, 2014). During the 
measurements the supply temperature of the ventilating blanket and instrument table as well as the 
room temperature at 1.60m height were monitored with a sample interval of 1s. Finally, it was 
assumed that the ambient air temperature in the room can be controlled in a real situation without 
the limitations of the prototypes. For this reason, the PPD and DR were investigated as function of 
the ambient air temperature. 

 

 
Figure 66(a) plan of the measurement setup, the comfort measurement instruments were positioned at Cs, the ambient 
temperature was measured at 1.6 m height, (b) impression of the comfort measurement setup.  

 
J.4 Results and discussion 
The comfort of the operating team is demonstrated by Table 50. During the comfort measurement 
the ambient temperature was above the 25 oC which strongly affected the comfort of the operating 
team. The radiant temperature equalized the air temperature, thus asymmetric radiation was not 
critical. Furthermore, measured air velocity was very low which had a positive effect on the DR.  
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Figure 67 illustrates the effect on the PPD and DR of the operating team as function of the 
ambient air temperature. The results demonstrate that it would be difficult to obtain a neutral 
sensation of thermal comfort for all members of the operating team, due to their different activity 
level and clothing value. This is similar to results by Van Gaever et al. (2014) and Mazzacane et al. 
(2007). It could be observed that an air temperature of approximately 21 oC is optimal, which is in 
agreement with international standards reviewed by Khodakarami et al. (2012). However, Van 
Gaever et al. (2007) suggested a temperature of 19 oC would be more preferable for the surgeon. 
This indicates that the activity level and clothing value might be underestimated in this research. 
Besides, it should be mentioned that in reality the anesthetist is not located at the measurement 
position but at the head of the patient. Therefore, the results give only a rough indication for the 
anesthetist. Furthermore, the effect of the surgeon wearing a lead skirt was not considered in this 
study. Finally, when the temperature is decreased the DR remains below 5 % and is not a critical 
parameter for the local ventilation devices. 
 
Table 50 Measured comfort parameters for the surgeon, nurse and anesthetist. (*) Clothing value and activity level were 
assumed by the author of this report based on definitions and corresponding values in the NEN-EN-7730  

Parameter  Surgeon Nurse Anesthetist 

Air temperature [oC] 25.6 

Mean radiant temperature [oC] 25.6 

Relative humidity [%] 45 

Air velocity [m s-1] 0.06 

Turbulence intensity [%] 39 

Clothing [clo] 1.0* 1.0* 0.7* 

Activity level [W m-2] 93* 70* 70* 

PMV [-] +1.2 +0.9 +0.6 

PPD [%] 37 24 14 

DR [%] 2 

 

 
Figure 67 (a) Percentage People Dissatisfied (PPD) as function of the air temperature for the surgeon, nurse and 
anesthetist, (b) Draught Rating index (DR) as function of the air temperature. Measured relative humidity, air velocity and 
turbulence intensity were used as input for the calculation 

 
J.5 Conclusion 
Comfort was assessed by the PPD and DR, of which the DR was not critical. To obtain thermal 
comfort for all members of the operating team members is still difficult due to their different activity 
levels and different levels of clothing insulation. However, the local ventilation devices would allow 
for other solutions to optimize the thermal comfort of the operating theatre personnel individually.  
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