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Rappor ten redegør  for  gennemføre lsen og resul ta terne af  forpro jektet .  Resul ta terne udgør en 

del  a f  det  mater ia le ,  som l igger  t i l  grund for  en pro jektansøgning t i l  ELFORSK 2020 :  352-008 

Fase 2:  Min ia turefø ler  t i l  modstandsf r i  lu f thast ighedsmål ing i  vent i la t ionskanaler .  

Dansk resume 

Det te p i lo tpro jekt  in t roducerer  en min ia turefø ler  t i l  modstandsf r i  mål ing af  lu f thast ighed i  ven-

t i la t ionskana ler .  Fø leren er  baseret  på Micro E lect ro -Mechanica l  System (MEMS),  EFV -  E la-

s t ic  F i lament  Veloc imet ry.  Formålet  med p i lo tpro jektet  er  at  opnå eksper imente l t  bev is  for  kon-

ceptet  – at  fø leren kan anvendes t i l  mål ing af  lu f thast ighed i  vent i lat ionskanaler .  Ek sper imen-

te l le  undersøgelser  og s imuler inger ved anvendelse af  computat ional  f lu id  dynamics (CFD) er  

udfør t  para l le l t  for  a t  bestemme egenskaber  og ydeevne for  EFV -fø leren.  Resul taterne v is te,  

a t  EFV-fø leren er  i  s tand t i l  a t  måle lu f thast igheder ,  og at  fø leren er  i  s tand t i l  at  bestemme 

lu f thast igheder  under 0,1 m/s i  et  rør  med en d iameter  på 1,14 mm o g f ra  0,4 m/s i  en vent i la-

t ionskanal  med en d iameter  på 160 mm. Et  unik t  t ræk ved EFV -fø leren er ,  at  den er  i  s tand t i l  

a t  måle turbulens intens i te t .  T i ls tedeværelsen af  fø leren i  en vent i la t ionskanal  medfører  kun 

ubetydel ig t  t ryk tab sammenl ignet  med måleko rs,  der  typ isk  anvendes i  vent i la t ionssystemer .  

Dansk konklusion 

Resul ta terne v iser ,  a t  EFV -fø leren er  et  lovende a l ternat iv  t i l  mål ing af  lu f thast igheder  i  vent i -

la t ionskanaler ,  uden at  det  medfører  mærkbart  t ryk tab i  kanalsystemet .  Spec i f ik t  konstateres:  

  De eksper imente l le  undersøgelser  i  laborator ie t  har  v is t ,  a t  EFV -fø leren er  i  s tand t i l  a t  

måle lu f thast igheder  lavere end 0,1 m/s i  e t  rør  med en d iameter  på 1,14 mm og f ra  0,4 

m/s i  en vent i la t ionskanal  med en d iameter  på 160 mm. Usikkerheden på de mål te  værdier  

er  ± 0,025 m/s.  

  CFD-s imuler ingerne indikerer ,  at  e t  forøget  gennemgående hul  i  se lve EFV - fø leren kan 

forbedre fø lerens egenskaber  med hensyn t i l  at  måle lu f thast igheder  lavere end 0,4 m/s.  

  Resul ta terne v iser ,  a t  EFV-fø leren medfører  et  lavere t ryk tab i  sammenl ign ing med et  t ra-

d i t ionel t  målekors,  hv i lket  ind ikerer ,  a t  udsk i f tn ing af  målekors  med EFV - fø lere kan føre t i l  

en redukt ion af  energ ibehovet  t i l  vent i la tordr i f t .  

  De eksper imente l le  undersøgelser  har  v is t ,  at  EFV - fø leren er  i  s tand t i l  a t  måle turbulens-

in tens i tet ,  idet  fø lerens responsf rekvens kan være 100 Hz.  

 

Endv idere forventes det ,  at  pr isen for  en EFV -fø ler  v i l  være mindst  100 -200 gange lavere end 

eksempelv is  Ul t raL ink.  Den lave pr is  kan føre t i l  en markant  bredere anvendelse af  fø ler typen,  

som derved kan bruges i  a lgor i tmer inden for  kunst ig  in te l l igens t i l  forbedr ing af  komfor t  og re-

dukt ion af  energ ibehovet  i  kommende vent i lat ionssystemer .  
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Abstract 

This p i lo t  pro ject  in t roduces a min ia ture sensor  for  measur ing a i r  ve loc i ty in  vent i lat ion ducts.  

The sensor is  based on Micro E lect ro -Mechanica l  System (MEMS),  so -ca l led EFV – E last ic  F i l -

ament  Veloc imet ry.  The object ive of  the p i lot  project  is  to achieve exper imenta l  proof -of  con-

cept  of  the sensor  for  measur ing the a i r  ve loc i ty in  vent i lat ion ducts.  Exper imenta l  invest iga-

t ions and s imulat ions us ing computat ional  f lu id dynamics (CFD) were per formed in  para l le l  in  

order  to  determine the character is t ics  and the per formance of  the EFV-sensor.  The resul ts  

showed that  the  EFV-sensor  is  capable of  measur ing the a i r  ve loc i t ies,  and that  the sensor  is  

capable of  determin ing a i r  ve loc i t ies  be low 0.1 m/s in a  p ipe wi th  a d iameter  o f  1.14 mm and 

f rom 0.4 m/s in a  vent i la t ion duct  wi th  a d iameter  of  160 mm. A unique feature of  the EFV-sen-

sor  is  that  i t  is  capable of  measur ing turbulence in tens i ty.  The presence of  the sensor  in a  

vent i la t ion duct  creates ins ign i f icant  pressure drop compared to measur ing crosses commonly 

used in  vent i la t ion systems.  

1. Introduction 

Determinat ion of  a i r f low rates in  vent i la t ion ducts  is  necessary in  order  to  achieve ef f ic ient  

cont ro l  o f  vent i la t ion systems a iming at  improv ing the indoor  c l imate and reduc ing the energy 

use for  mechanica l  vent i la t ion.  Fur thermore,  moni tor ing of  a i r f low rates makes i t  poss ib le  to  

uncover  inadequate and inef f ic ient  per formance of  the vent i la t ion system. To determine the 

a i r f low rate in  a  duct ,  one of  the avai lab le methods is  to explore the veloc i ty f ie ld .  Wi th th is  

method,  the average a i r  ve loc i ty in  the duct  is  determined and  the average a i r f low rate is  ca l -

cu lated cons ider ing the cross -sect ional  area of  the duct .  The determinat ion of  a i r f low rates de-

pends on the number of  measurement  po ints and the i r  locat ion in  the duct  together  wi th  the 

accuracy of  the measur ing dev ices used.  Recommendat ions  on a i r f low measurements are 

found e.g.  in  ASHRAE Standard 41  [1] .  

Current ly ,  a measur ing cross is  commonly used to measure the a i r f low rate in  vent i la t ion 

ducts.  The dev ice consis t s  of  c rossed se l f -averaging probes,  measur ing the dynamic pressure 

f rom which  the a i r f low rate  is  ca lcu lated .  The measur ing cross measures the dynamic pressure 

at  a number of  f ixed points in  the cross -sect ional  area of  the duct .  However ,  the capabi l i ty  o f  

the measur ing crosses is  usual ly l imi ted to a i r  ve loc i t ies h igher  than 1.0 m/s .  At  lower  a i r  ve-

loc i t ies the uncer ta inty  increase.  Fur thermore,  measur ing crosses and other  dev ices mounted 

or  extend into the duct  d is turb the a i r f low caus ing an addi t ional  pres sure drop in  the d is t r ibu-

t ion system. Pressure drops increase the energy use for  fan operat ion  and therefore,  i t  is  im-

por tant  that  the measur ing dev ices create min imal  d is turbance to the ai r f low.  An a l ternat ive 

so lut ion to measur ing crosses is  Ul t raL ink.  Ul t raL ink cons is ts  of  a sensor  body and two a i r f low 

sensors mounted on the sensor body.  Ul t raL ink measures the average a i r  ve loc i ty  wi th  an an-

g led u l t rasonic  beam.  The dev ice is  accurate even in  low a i r  ve loc i t ies  [2 ]  and due to  i ts  con-

s t ruct ion and geometry,  i t  creates ins ign i f icant  pressure drop.  However ,  Ul t raL ink,  l ike meas-

ur ing crosses,  requi res that  the a i r  ve loc i ty prof i le  a t  the measurement  p lane in  the duct  is  

fu l ly developed,  which consequent ly may l imi t  the use of  the dev ice .  

Measur ing the turbulence in tens i ty opens up the poss ib i l i ty  for  an a l ternat ive method for  the 

determinat ion of  the a i r f low rate.  However ,  turbulent  f lows exhib i t  very h igh f requency that  re-

qui re  measur ing dev ices wi th  h igh t ime and spat ia l  resolut ion for  appropr ia te character izat ion.  

The measur ing dev ices commonly used in  vent i la t ion systems,  such as measur ing crosses or  

Ul t raL ink,  have a f requency response that  is  much too s low to  be used for  measur ing turbu-

lence.  Opt ica l  methods used for  research purposes,  such as laser  Doppler  ve loc imet ry (LDV) 

or  par t ic le image ve loc imet ry (PIV),  can be used for  turbulence measurements,  but  the  meth-

ods are,  however ,  cost ly and not  a imed at  genera l  use .  

This p i lo t  pro ject  in t roduces an innovat ive min ia ture sensor  for  measur ing a i r  ve loc i ty.  The 

sensor  used is  a  modi f ied research prototype developed at  Pr inceton Univers i ty ,  USA.  
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2. Objective 

The object ive  of  th is  p i lo t  pro ject  is  to achieve exper imenta l  proof -of  concept  of  the funct ional -

i ty o f  a  newly developed min iature EFV-sensor for  measur ing a i r  ve loc i ty in  vent i la t ion ducts .  

Spec i f ic  focus points  are :  

  Modi f icat ion of  the EFV-sensor  for  sens ing a i r f low in  vent i la t ion ducts  

  Invest igat ion of  the capabi l i ty  o f  the EFV-sensor  for  measur ing a i r  ve loc i t ies  in  ducts  

  Invest igat ion and compar ison of  the pressure drop in  a vent i la t ion duct  due to the pres-

ence of  an EFV-sensor and a measur ing cross ,  respect ive ly  

  Potent ia l  fur ther  modi f icat ions  in terms of  sensor  des ign.  

3. Description of the EFV-sensor 

The EFV-sensor  is  a st ra in -based sensor  that  uses f ree -standing,  e lect r ica l ly conduct ive nano-

r ibbons suspended between s i l icon supports.  Drag f rom the pass ing f low def lec ts  the nanor ib-

bons and induces an axia l  s t ra in  wi th in  the mater ia l .  The st ra in  leads to  a res is tance change 

of  the nanor ibbons,  which is  measurable through a s imple Wheats tone br idge c i rcu i t ,  and can 

be d i rect ly cor re la ted wi th  the f low ve loc i ty.  

The sensor used in  th is  pro ject  is  a  prototype developed at  Pr inceton Univers i ty.  The sensor 

has 22 nanor ibbons and the nanoscale d imensions of  the sens ing e lements  (0 .5 mm length,  

6 .5 μm width and 150 nm th ickness)  resul t  in v iscous ly dominated drag force,  whi le  enabl ing 

h igh sens i t iv i ty to  gases.  Fur thermore,  the nanoscale d imensions a l low a l inear  re la t ionship 

between the a i r f low forc ing on the wi res and the f low ve loc i ty.  The construct ion and form of  

the sensor is  s imi lar  to the des ign of  a nanoscale hot -wi re,  wh i le  the operat ion of  the sensor is  

s imi lar  to that  of  a st ra in  gauge [3] ,  which yie lds a cost  ef fect ive ef f ic ient  measur ing dev ice .  

A layout  o f  the EFV-sensor  (ch ip)  is  shown in  F igure 1.  Red c i rc le  h igh l ights  the through -hole 

of  the sensor .  The d imensions of  the rectangul ar  through-hole ,  which is  spanned by the 22 

sens ing nanor ibbons,  is  1 . 0 mm x 0.5 mm x 0.5 mm. The EFV -sensor is  mounted on the edge 

of  a st ick wi th  d imensions of  80 mm x 6 mm x 2 mm, which is  des igned to  be mounted to a 

larger  pr inted c i rcu i t  board (PCB).  The s t ick has the same s ized through -hole.  F igure 2 pre-

sents an overv iew of  the cons idered measur ing dev ice ,  EFV-sensor,  s t ick  and PCB.  

 

F igure 1 :  EFV chip – Top down v iew.  
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F igure 2:  EFV chip (h igh l ighted wi th  the red c i rc le) ,  s t ick  and PCB;  un i t :  mi l l imeter .  

At  the current  s tage of  sensor  development  and at  the exper imenta l  s tud ies ,  the prototype of  

the sensor was connected to a PC v ia  a s tandard USB. The sensor requi res only 400 uA (2 

mW) and takes a l l  o f  the power  f rom the U SB connector .  The ent i re research c i rcu i t  consumes 

less than 100 mW. The c i rcu i t  inc ludes in ternal  f i l ters  and  power  management  components  to  

ensure a stab le s ignal ,  and i t  a lso has an integrated 16 -b i t  A/D converter ,  which sends the 

data through a standard USB port .  The measurement  range of  the A/D converter  is  3.3 V,  

wh i le  the resolut ion is  ≈ 50 .4 uV.  The bandwidth of  the EFV-sensor  is  100 kHz and the meas-

ured outputs  are automat ica l ly temperature compensated.  

4. Methodology 

A. Experimental studies at Princeton University, USA 

The capabi l i ty  o f  the EFV-sensor to  measure low a i r  ve loc i t ies ,  up to  0.2 m/s,  was examined at  

Pr inceton Univers i ty us ing the test  fac i l i ty shown in  F igure 3.  A NE-1000 Single Syr inge Pump 

wi th  d ispens ing accuracy of  ±  1 % was used to regulate the a i r f low that  was d i rected through a 

sect ion of  ca l ibrated smooth p ipe.  The used p ipe wi th  a d iameter  o f  1.14 mm inter faced d i -

rect ly wi th  the sensor through -hole of  0 .5 mm 2 ,  therefore a i r f low exi t ing  the system was pass-

ing over  the sens ing e lements,  induc ing a s t ra in  and a measurable res is tance change.  

 

F igure 3:  Exper iment  set -up used at  Pr inceton Univers i ty to  evaluate  the EFV-sensor .  
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B. Experimental studies at SBi, Aalborg University 

Laboratory s tud ies were conducted  at  Aalborg Univers i ty/Statens Byggeforsknings inst i tu t  (SBi)  

in  order  to evaluate the capabi l i ty  o f  the EFV-sensor  to  measure a i r  ve loc i t ies  in  vent i la t ion 

ducts .  Fur thermore,  laboratory s tudies were conducted  in order  to  invest igate the pressure 

drop in  a vent i la t ion duct  due to the presence of  the EFV -sensor  and compared to  two d i f ferent  

types of  measur ing crosses.  

For  each purpose,  one test  r ig was des igned and const ructed.  In  both test  r igs,  t he a i r f low 

rate was regulated us ing Ul t raL ink FTCU (Ø160) ,  which cons is ted of  a sensor body at tached to  

a damper body.  The min imum uncer ta inty of  a i r f low measurements us ing Ul t raL ink FTCU, de-

pending on the length of  the s t ra ight  duct  upst ream as wel l  as the p lacement  of  the f i rs t  a i r -

f low sensor ,  was ± 5 % of  the measured va lue or  1.6 L/s (≈ 0.08 m/s) ,  based on which of  these 

two va lues were the greatest .  In these laboratory s tud ies ,  Ul t raL ink FTCU was ins ta l led fo l low-

ing the technica l  suggest ions to achieve the min imum uncer ta inty  in  order  to  measure a i r f low 

rates ranging f rom 4 L/s to 141 L/s (≈  0.2 m/s to  7.0 m/s ) .  

The test  r ig  presented in  F igure 4 was used to evaluate the capabi l i ty  o f  the EFV-sensor  to 

measure a i r  ve loc i t ies in  vent i lat ion ducts .  Apart  f rom Ul t raL ink FTCU, the test  r ig  co ns isted of  

a  fan,  a s i lencer ,  a  bend and galvanized ducts of  160 mm diameter ;  a l l  the components  had 

s imi lar  d iameter .  The EFV-sensor was ins ta l led in  a ver t ica l  duct  of  2.0  m length,  hav ing a d is-

tance f rom the bend of  1 .15 m (F igure 4) .  The center  o f  the sensor through -hole,  spanned by 

the sens ing e lements,  was pos i t ioned approximate ly a t  70 mm f rom the duct  wal l ,  whi le  the 

a i r f low was a lways perpendicu l ar  to the sens ing e lements .  The measurements were conducted 

under  fu l ly developed a i r f low condi t ions.  

 

F igure 4:  Test  r ig const ructed to evaluate the capabi l i ty o f  the EFV-sensor  in vent i la t ion ducts  

The test  r ig  shown in  F igure 5 was des igned and const ructed to invest igate the pressure drop  

character is t ics  in a vent i la t ion duct  due to  d i f ferent  measur ing dev ices mounted.  Apar t  f rom 

Ul t raL ink  FTCU,  the test  r ig cons isted of  a  fan,  a s i lencer,  s t ra ight  ga lvanized ducts of  160 

mm diameter  and the cons idered dev ice (EFV -sensor  or  measur ing cross) ;  a l l  the components 

had s imi lar  d iameter .   

Four scenar ios were examined,  pressure drop in  the duct  sy stem wi th  and wi thout  the EFV-

sensor  and wi th  two d i f ferent  types of  measur ing crosses (Type A and Type B).  The EFV-sen-

sor  extended to the middle of  the duct .  F igure 5 show the locat ion of  the invest igated measur-

ing dev ices.  
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Pressure taps were so ldered to the ducts  to measure the pressure drop.  The measurement  

po ints  remained ident ical  for  a l l  s tudy  cases,  and they were p laced far  away f rom other  poten-

t ia l  d is turbances (F igure 5) .  At  the measurement  locat ions,  the a i r  ve loc i ty prof i le  was fu l ly 

developed.  The pressure measurements  were conducted using the TESTO 480 d i f ferent ia l  

pressure sensor  wi th  accuracy of  ± (0 .3 Pa + 1 % of  measured va lue)  and resolut ion of  0 .1 Pa.  

 

F igure 5:  Test  r ig const ructed to invest igate the pressure drop  in  a vent i la t ion duct  

B.1 Examinat ion condit ions 

The capabi l i ty o f  the EFV-sensor to  measure a i r  ve loc i t ies in  vent i lat ion ducts  was evaluated 

for  average a i r  ve loc i t ies  expected in  rea l  appl icat ions;  ranging f rom 0.2 m/s to 7.0 m/s.  In 

each cons idered case,  3 -min measurements were conducted under  s teady s tate condi t ions.  

The log in terva l  of  Ul t raL ink FTCU was 1 sec,  cor responding to  180 datapoints.  Whi le  the h igh 

f requency response of  the EFV-sensor  (100 kHz)  resul ted in  18000 datapoints .  

Note that  an average a i r  ve loc i ty o f  0 .2 m/s in a duct  of  160 mm diameter  resul ts  in a i r f low 

rate of  4  L/s.  Th is low a i r f low rate sat is f ies the requi rements  for  mechanica l  vent i lat ion in low 

pol lu ted of f ice rooms of  10 m 2  dur ing unoccupied hours [5] .  Regard ing the upper  l imi t  o f  the 

ve loc i ty range cons idered  i t  was se lected jus t  to  evaluate the sensor measur ing range.  

The pressure drop invest igat ion was conducted for  average a i r  ve loc i t ies  in the duct  ranging 

f rom 3.0 m/s to  7.0 m/s.  The uncerta in ty of  the pressure measurements  was ca lcu lated on the 

base of  repeated measurements under  the same a i r  ve loc i t ies .  Each measurement  las ted 5 

min wi th  a log t ime interva l  of  1  sec .  

C. CFD simulations 

As th is  s tudy presents  the f i rs t  case the EFV technology was used  in  a f ree- f lowing condi t ion,  

CFD s imulat ions were per formed to  evaluate f ree - f low in f luences,  and to suggest  changes in  

terms of  sensor  des ign in  order  to improve the capabi l i t ies of  the EFV-sensor  to measure low 

a i r  ve loc i t ies  in vent i lat ion ducts .  There fore,  the main target  of  these CFD s imulat ions was to  

invest igate the ef fect  of  the suppor t  body of  the EFV-sensor on the a i r f low condi t ions devel -

oped around i t ,  wi th  focus on the area around the sens ing e lements.  
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The CFD s imulat ions were per formed us ing t he gr id -based,  ce l l -centered f in i te  vo lume CFD 

solver  ANSYS F luent  17.1.  The exper iment  set -up presented in  F igure 5 was model led .  Two 

EFV-sensors  were model led  us ing the “cut  mater ia l ”  operat ion,  making i t  poss ib le  to  ignore 

what  happens ins ight  the body of  the object .  The EFV -sensors  were p laced symmetr ica l ly in  

the duct  wi th  a d iameter  of  160 mm (F igure 6)  a t  4.1 m downst ream of  the duct  in le t  and 1.5 m 

upst ream of  the duct  out le t .  The d is tance between the center  of  the through-hole of  each EFV-

sensor  and the duct  wal l  was 8 mm.  

 

F igure 6:  Locat ion of  the EFV-sensors  in the vent i la t ion duct ;  c ross sect ion v ie w 

The model  domain was d iscret ized wi th  te t rahedron dominated e lements .  Both maximum face 

s ize and maximum tet  s ize were set  a t  10 mm. In  order  to get  ef f ic ient  numer ica l  so lu t ion and 

to  save computat ional  t ime,  a  f ine mesh was developed only in  the v ic in i ty o f  the two sensors  

(F igure 7) .  Both min imum s ize and proximi ty min imum s ize were set  to 10 - 4  mm. The number of  

vo lumes generated was of  the order  ~  1.5 x 10 6 .  The average skewness was equal  to 0 .21,  

wh i le  the maximum aspect  rat io  was 18.8.  F igure 7 shows the face of  d iscret ized e lements in  

the cross sect ion of  the duct  where the two EFV -sensors were model led as wel l  as  the f ine 

mesh developed in  the through-hole,  which had d imensions of  1.0 mm x 0.5 mm x 0.5 mm.  

 

F igure 7:  Global  mesh topology ( le f t ) ;  Mesh deta i l  in  the v ic in i ty o f  and  in  the through-hole of  

the EFV-sensor  ( r ight )  
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Two turbulence models were cons idered,  namely the Real izable k -ε  model  combined wi th  the 

Enhanced Wal l  Treatment  funct ion in  order  to cons ider  the h igh ve loc i ty gradient  in  the near -

wal l  reg ion and the k-ω model  wi th  shear  s t ress t ransport  (k -ω SST).  In a l l  s imulated cases,  

s teady-s tate condi t ions were assumed.  The pressure -ve loc i ty cor re la t ion coupled between ve-

loc i ty and pressure us ing SIMPLE. Green -Gauss Node Based and second -order  accurate 

scheme of  pressure and energy were used to per form spat ia l  d iscret izat ion.  The th i rd -order  

accurate Monotonic  Upwind Scheme for  Conservat ive scheme of  Laws (MUSCL) was used in  

order  to  l imi t  the d iscont inu i ty,  osc i l la t ion and spur ious in the predict ion of  momentum, turbu-

lent  k inet ic  energy and turbulent  d iss ipat ion rate in the region wi th  a h igh  gradient  [4 ] .  The un-

der  re laxat ion number for  momentum and turbulent  equat ions were 0.7 and 0.8 respect ive ly.  

Solut ions were cons idered converged when the normal ized sum of  the absolute d imension less 

res iduals  of  the d iscret ized equat ions was less than or  equal  to 10 - 3  in  the case of  us ing the k -

ω SST model  and less than or  equal  to 10 - 4  when us ing the Real izable k -ε  model .  

5. Results and Discussion 

Laboratory studies 

Figure 8 presents the EFV response whi le  measur ing a i r  ve loc i t ies,  up to 0.2 m/s,  in  a  p ipe 

wi th  a  d iameter  o f  1 .14 mm, which in ter faced d i rect ly the through -hole of  the sensor .  The stud-

ies  at  Pr inceton Univers i ty showed that  the sensor  could measure a i r  ve loc i t ies down to 0.05 

m/s (F igure 8) ,  wi th  an uncer ta inty  of  ± 0.025 m/s.  Note that  the h igh accuracy of  the sensor 

has been achieved through the in tegrated temperature compensat ion of  the measured outputs .  

 

F igure 8:  Output  s ignal  o f  the EFV-sensor  as a funct ion of  the a i r  ve loc i ty ;  a i r f low through a 

p ipe of  1 .14 mm diameter  

Dur ing the laboratory s tud ies  at  SBi ,  to invest igate the capabi l i ty o f  the EFV-sensor  to  meas-

ure a i r  ve loc i t ies in vent i la t ion ducts  as wel l  as  to examine the pressure drop due to  d i f ferent  

mounted measur ing dev ices in the duct  system, Ul t raL ink FTCU was used to regulate the a i r -

f low rate.  The uncerta in ty leve l  o f  Ul t raL ink FTCU at  the cons idered condi t ions can be se en in 

Table 1.  Fur thermore,  Table 1 presents  the targeted average a i r  ve loc i t ies in  duct  system 

a long wi th  the actual  regulated average a i r  ve loc i t ies.  
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Table 1:  Uncer ta inty leve l  o f  Ul t raL ink FTCU for  average a i r  ve loc i t ies f rom 0.2 m/s to 7.0 m/s  

targeted average 

ve loc i ty,  m/s  

Regulated ai r  ve loc i ty,  

m/s 

Uncer ta inty  leve l  

0 .2  0.20 ± 0.001  0.08 m/s (≈  40.3 %)  

0.3  0.30 ± 0.002  0.08 m/s (≈  26.5 %)  

0.4  0.41 ± 0.005  0.08 m/s (≈  19.5 %)  

0.5  0.50 ± 0.008  0.08 m/s (≈  15.9 %)  

0.6  0.62 ± 0.013  0.08 m/s (≈  12.9 %)  

0.8  0.80 ± 0.002  0.08 m/s (≈  10 %)  

1.0  1.00 ± 0.005  0.08 m/s (≈  7.9 %)  

2.0  1.98 ± 0.003  0.1 m/s (≈  5 %)  

3.0  2.98 ± 0.004  0.08 m/s (≈  5 %)  

4.0  3.97 ± 0.007  0.08 m/s (≈  5 %)  

5.0  4.99 ± 0.007  0.08 m/s (≈  5 %)  

6.0  5.98 ± 0.008  0.08 m/s (≈  5 %)  

7.0  6.98 ± 0.005 0.08 m/s (≈  5 %)  

F igure 9 indica tes the mean va lues of  EFV -sensor  response whi le  measur ing a i r  ve loc i t ies in  a 

vent i la t ion duct  o f  160 mm diameter ,  whi le  Table 2 shows the mean va lues for  each case a long 

wi th  the Type A standard uncerta in t ies  of  repeated measurements.  Dur ing these measure-

ments,  the center  of  the sensor  through -hole was approximate ly a t  70 mm f rom the duct  wal l .  

The ampl i f ier  ga in of  the f i rs t  sensor vers ion was 64  dB.  F igure 9 shows that  the measur ing 

range of  the sensor was up to  an average a i r  velo c i ty in  the duct  of  3.0 m/s.  The measur ing  

range was l imi ted by the e lect r ica l  ampl i f icat ion,  and thus i t  was dec ided to decrease the gain 

to  58 dB.  F igure 10 shows that  when the gain decreased,  the EFV-sensor  gave s ignal  for  aver-

age a i r  ve loc i t ies in the duct  up to 7.0 m/s.  I t  should be pointed out  that  the maximum veloc i ty 

is  not  l imi ted by the sens ing e lement ,  but  on ly on the set t ings of  the e lect ron ics .  The duct  

measurements and the CFD s imulat ions c lear ly show that  the s ize of  the through -hole af fects 

the capabi l i t ies  of  the EFV -sensor to  measure ai r  ve loc i t ies  in  vent i lat ion ducts  lower  than 0. 4 

m/s.  Later  in  th is  repor t ,  the resul ts  f rom CFD simulat ions along wi th  suggest ions that  could 

improve the per formance of  the sensor  are presented.  

 

F igure 9:  Output  s ignal  o f  the EFV-sensor  as a funct ion of  the a i r  ve loc i ty;  a i r f low through a 

duct  of  160 mm, ampl i f ier  64 dB 
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Table 2:  Mean va lues of  EFV response and Type A standard uncer ta int ies  of  repeated  meas-

urements;  ampl i f ier  64 dB 

Average air  velocity,  m/s  EFV response,  mV 

0.4  32.6 ± 1.9 

0.8   199.3 ± 9.4 

1.0   316.5 ± 12.4  

1.5   660.6 ± 19.4  

2.0   1141.8 ± 21.3 

3.0   1641.0 ± 15.3  

4.0   1678.1 ± 0.3 

 

 

F igure 10:  Output  of  the sensor vs .  a i r  ve loc i ty ;  a i r f low through duct  Ø160 mm, ampl i f ier  58  dB 

 

F igure 11:  1-min output  o f  the sensor ;  avg.  a i r  ve loc i ty in  the duct  of  2.0 m/s,  ampl i f ier  58 dB 
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F igure 11 presents the 1-min measured outputs  of  the EFV-sensor  for  an average a i r  ve loc i ty 

in  the duct  o f  2.0 m/s (ampl i f ier  gain of  58  dB).  The EFV-sensor  reacts  qu ick ly to  f luctuat ions 

in  the f low ve loc i t ies making i t  a promis ing a l ternat ive for  turbulence measurements .  The tur -

bu lence in tens i ty was ca lcu lated to 13.3 %.  

F igure 12 presents the mean va lues of  pressure drop in the duct  system due to the EFV-sen-

sor  and measur ing crosses Type A and Type B under  the cons idered average a i r  veloc i t ies.  

Fur thermore,  the pressure drop wi thout  any sensor  mounted is  presented.  Table 3 ind icates 

the mean values of  pressure drop for  each case a long wi th  the Type A standard uncer ta in t ies  

of  repeated measurements.  F igure 12 shows that  rep lac ing a measur ing cross wi th  an EFV-

sensor  could resul t  in energy sav ings,  as an EFV-sensor  creates a lower  pressure drop.   

 

F igure 12:  Pressure drop invest igat ion for  average a i r  ve loc i t ies in  the duct  ranging f rom 3.0 

m/s to  7.0 m/s;  Mean va lues of  repeated measurements of  5 -min 

Table 3:  Mean va lues of  pressure drop and standard uncerta in t ies  of  repeated measur ements 

Cases  No sensor Measuring 

cross Type A 

Measuring 

cross Type B 

EFV 

Air  ve loc i ty,  

m/s 

A i r f low rate,  

L /s  

 Pressure drop,  

Pa 

  

3 .0   60.3   2 .7 ± 0.1  4 .2 ± 0.3  5 .2 ± 0.2  3 .2 ± 0.2  

4.0   80.4   3 .9  ± 0.3  7 .1  ± 0.2  7 .8 ± 0.2  4 .2 ± 0.3 

5.0   100.5   6 .8  ± 0.3  11.9 ± 0.3  12.5 ± 0.3  7 .5 ± 0.3  

6.0   120.6   10.3 ± 0.1   17.4 ± 0.3 19.0 ± 0.4  11.5 ± 0.3  

7.0   140.7   15.4 ± 0.1  23.0 ± 0.2 24.7 ± 0.7  16.5 ± 0.3 

Note that  dur ing these measurements,  the EFV -sensor extended to  the  middle of  the duct  in  

order  to  examine the pressure drop.  One object ive of  th is  pro ject  is  to  leverage the fact  that  

the EFV-sensor  measures f low ve loc i ty in  a  po int  to establ ish correct ion factors for  the EFV 

measured outputs,  such that  i t  wi l l  be poss ib le to  mount  the sens or no more than 0.3 D f rom 

the duct  wal l .  In th is  way,  the mean pressure drop can be decreased even more.  
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CFD simulat ions 

To predic t  the ef fect  of  the suppor t  body of  the EFV-sensor on a i r f low condi t ions,  CFD s imula-

t ions were conducted for  severa l  in Ie t  a i r  speeds (Table 4) .   

In  a l l  s imulated cases,  t he temperature of  a i r  was  20o C. The other  a i r  proper t ies cons idered 

were:   

a i r  dens i ty (ρ)  1.204 kg/m 3 ,   

spec i f ic  heat  capac i ty (c p )  1007 J/kgK and  

dynamic v iscos i ty (μ)  1 .825 x 10 - 5  kg/ms.   

At  the duct  in le t ,  a  un i form turbulence in tens i ty (T I )  o f  5 % was def ined,  whi le  a t  the duct  out -

le t ,  a  zero average pressure condi t ion was speci f ied.  A no -s l ip  boundary  condi t ion was appl ied 

at  both the duct  wal l  and the wal ls  o f  the EFV -sensors.  

Table 4:  S imulated condi t ions  

Inlet  ai r  velocity  

[m/s]  

Reynolds number 

0.2  2111 

0.3  3167 

0.4  4223 

0.5  5278 

0.6  6334 

6.0  63340 

7.0  73897 

 

Independent ly o f  the turbulence model  cons idered,  the CFD resul ts  showed that  the EFV -sen-

sor  wi th  the current  design ( through -hole s ize of  0.5 mm 2 )  could be used to measure a i r  ve loc-

i t ies in  vent i la t ion ducts down to 0.35 m/s (F igure 13) .  For  example,  F igure 14 and F igure 15 

i l lus t rate that  a lmost  no a i r  passed the through -hole when the a i r  ve loc i ty was ≈ 0.3 m/s.  S imi-

lar  t rend was observed dur ing the laboratory s tud ies ,  suppor t ing the va l id i ty o f  these CFD re-

su l ts .  Therefore,  i t  can be conc luded that ,  apart  f rom the capabi l i t ies  of  the sens ing e lements ,  

the body of  EFV as a whole could p lay a ro le  in terms of  the accuracy of  the a i r  veloc i ty meas-

urements.  

Addi t ional  CFD s imulat ions were per formed to  sug gest  a new geometry for  the EFV -sensor  in 

order  to  improve the poss ib i l i t ies  of  measur ing accurate ly low a i r  ve loc i t ies (<  0.35 m/s)  in 

vent i la t ion ducts.  Severa l  s imulat ions were per formed consider ing d i f fer ent  s izes and shapes 

for  the sensor  through-hole,  as wel l  as  d i f ferent  geometr ies for  the EFV -sensor  as a whole.  F i -

na l ly,  i t  was  found out  that  increas ing the s ize of  the hole f rom 0.5 mm 2  to 6 .375 mm 2  im-

proved the poss ib i l i t ies of  the sensor  to  measure a i r  ve loc i t ies down to 0.1 m/s.  In F igure 16 i t  

can be seen the suggested s ize and shape for  the through -hole,  whi le   presents the resul ts  of  

the s imulat ions.   
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F igure 13:  Ef fect  o f  the suppor t  body of  the EFV -sensor on a i r  ve loc i ty ;  a i r  ve loc i ty  wi thout  

sensor  vs.  a i r  ve loc i ty through the sensor  ho le 

 

F igure 14:  Contours of  a i r  speed at  the p lane where the two EFV -sensors  were located  
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F igure 15:  Vectors  of  a i r  ve loc i ty in  the v ic in i ty o f  the EFV -sensor  

  

Figure 16: Suggested s ize and shape for  the sensor  through -hole 

Table 5:  CFD resul ts  wi th  the new “suggested”  shape and s ize of  sensor  through-hole  

Model  ai r  veloci ty 
through the sen-

sor hole 
 

[m/s]  

Ai r  veloci ty 
w ithout sensor  

 
 

[m/s]  

Ef fect  
(Air  veloci ty w ithout  sen-
sor  /  a i r  velocity through 

the sensor hole)  
[ - ]  

Real izable k -  ε  0.106 0.126 1.2  

k – ω SST 0.083 0.119 1.4  

 

nanor ibbons  
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6. Conclusion 

The resul ts  show that  the EFV -sensor  is  a promis ing a l ternat ive for  measur ing a i r  ve loc i t ies in 

vent i la t ion ducts wi thout  imposing s ign i f icant  pressure drop in  the d is t r ibut ion system. Spec i f i -

ca l ly,  i t  has been found that :  

  The exper imenta l  s tud ies in labo ratory show that  the EFV-sensor  is  capable of  measur ing 

a i r  ve loc i t ies  lower  than 0.1 m/s in  a  p ipe wi th  a d iameter  o f  1.14 mm and f rom 0.4 m/s in  

a  vent i - la t ion duct  wi th  a d iameter  o f  160 mm. The uncer ta in ty of  the measured data is  ± 

0.025 m/s  

  The CFD s imulat ions ind icate that  a  larger  through -hole in  the sensor  can improve the 

capa-b i l i t ies of  the EFV-sensor  to measure a i r  ve loc i t ies in  the duct  system below 0.4 m/s.  

  The resul ts  show that  the EFV -sensor  creates a lower  pressure drop compared to  a meas-

ur ing cross,  ind icat ing that  rep lac ing measur ing crosses wi th  EFV -sensors  can lead to a 

reduct ion of  the energy use for  fan operat ion.  

  The exper imenta l  s tud ies show that  the EFV -sensor  is  capable of  measur ing turbulence in -

tens i ty,  as the response f requency of  the sensor  can be 100 kHz.  

Fur thermore,  the pr ice for  an EFV -sensor  is  expected to be at  least  100 -200 t imes lower  than 

that  o f  Ul t raL ink.   

The low pr ice may lead to  a s ign i f icant ly wider  use of  sensors ,  which can be used in machine 

learn a lgor i thms for  improvement  of  comfor t  and reduct ion of  energy use in  the next  genera -

t ion vent i lat ion systems  

7. Future work 

The present  p i lo t  pro ject  has shown the potent ia l  o f  the EFV -sensor for  measur ing a i r  ve loc i -

t ies in  vent i la t ion ducts.  

The p i lot  pro ject  forms bas is  for  fur ther  s tud ies of  the sensor  and a wider  use of  i t  as  de-

scr ibed in ELFORSK 2020 appl icat ion 352-008 Phase 2:  Min ia ture sensor  for  res is tanceless 

measurement  of  a i r  ve loc i t ies in  vent i la t ion ducts  (ELFORSK 2020:  352-008 Fase 2:  Min ia-

turefø ler  t i l  modstandsf r i  lu f thast ighedsmål ing i  vent i la t ionskanaler )  
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