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Numerical Analysis on the Design of a Thermal Mass Air Flow Sensor
with Various Heating Modes
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Abstract

Numerical simulations are conducted for the design of a micro thermal mass air flow sensor
(MAFS), which consists of a microfabricated heater and thermopiles on the silicon-nitride (Si;N4) thin
membrane structure. It is important to find the proper locations of these thermal elements in the design
of MAFS with improved sensitivity. Three heating modes of the micro-heater are considered: constant
temperature, constant power and heating pulses. The analyses are focused on the membrane temperature
profile near the sensing section. Considered are the practical flow velocities, ranging from 3 m/s to 35
m/s, and the corresponding Reynolds numbers from 1000 to 10000. The results show that one of
optimum sensing locations is about 1004#m away from the microheater. It is concluded that the heating
mode and configurations of thermal elements are the main factors for the MAFS with higher

sensitivity.
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Table 1 Thermal properties of materials at room
temperature (300 K)

. . Thermal
. Density  |Specific heat .
Material kg/m’] [/keK] conductivity
m -
8 [W/m-K]
Air 1.225 1006.43 0.0242

Si 2330 712.50 150
SisNg 3184 710.61 2.31
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Fig. 7 Temperature differences for flow velocity at
various sensor locations (CP mode, 40 mW)

L e ——————
120 £ T NUE
100 F _.;;’-"-’-"’. _______________ - 3
z F 9""’/.; T
B~ 80:- ’:';"f,.- ____________ ]
' o s e
%60._ "//’ -
= F 7 3
40 F %,,=250pm ~-~x =200um I
F e x, =150pm —-—--x =100 um
20F “w o 3
E —enm-- X, ., = 50 pm  ------ X, 20 pm
0'----l....l....l....I...-I....I....l....'
0 5 10 15 20 25 30 35 40
u [m/s]

Fig. 8 Upstream temperature differences between
no-flow and flow conditions at various
sensor locations (CP mode, 40 mW)

B oo A AR ulfEAH 2
FEAE e AUH L5 B o8 A%
WFel oo WS AEAE olganz AR
g 8% 99 A%4e 4% 230 o8 + 3
T, B8 ARoA o 2 SAREE A of
PEe AR @ NPT ZRer) Wl
FEYFT ¢ 4 9omz HFY 2mANE
BEHOE ol§a: o] Frh AFY LuZ
4 ARl HE FF L MgF Are e
Fig. 89 etk £E54 9127 mho)az 3

7
B 7l7teeE SETFEZE 33§50 o
SEAE F7HEE € 5 Aok wEA o A



HgREd He g4 ARsBAAY 4A 4 881

380 ————1—r—rr 1T
[ — t=10ms
5 -~ ---t=8ms
- i ‘ ..... t=6ms 1
360 |- iy =tz 4ms ]
- Py = 2ms
I . 4
- : I. E
2340 - l A -
B~ [ ! H 1
A [N ]
[ 7R .
320 |- ;N .
L rer N,
s ."tl' ’——‘.\\.
300 L oAl W IR NG S
0.0 0.2 0.4 06 0.8 1.0
x  [mm]

Fig. 9 Temperature profiles of membrane with time
(Re 5000, 70 mW, t; = 2 ms)

AT

14— 3
12L —— Re 10000 J
F --- Re7000 1
oE e Re 5000 3
: —-—-- Re 3000
sk —eeme Re 1000 ]

TYTITTY

Fig. 10 Temperature differences with time for
various Reynolds numbers (100 zm, 70
mW, t; = 2 ms)

BPES AUES PPN AL T
ba slEel AR £E A4S AsE Aol
Jgee ¢ 5 Utk

g

o

33 718 "H2

7} EX(heating pulses, HP) REZ Ao 3l=
AFFFAMNAE QA B PN L 2532
o] & 2H F<& F4o] 7H538lt) Reynolds 5
5000, 7% 70 mW, 7FE Al7F 2 ms? A Al
2ol E ANAA wv Aze] R B¥E
Fig. 99 Yetdllct. 714 AN AL 1 s
2 3ok vt 2% By E sld g2l B
G ARA 4 A, A7 Aol o 2

t [ms]

TTT TV Ty T vy I T Ty r v vy

[\ ATWEE FUTPE FUTTE NP PP FETTE ST ST

0 5 10 15 20 25 30 35 40
u [mis]

Fig. 11 Thermal time-of-flight for flow velocity at
various sensor locations (70 mW, 1z, = 2
ms)

Ao o wut AR o] AHAHE RES
E 4 gl

719 "2 RE=E AHE mlejaz IHE
g d2 FHAANA viul 2= ¥R HE
AIZb Wl w2 A3lFe =i ATE Fig
100] el 3EHol A A wduE= {5
wao g 2PArE FEBE L e 93
H3go] Yok £§ f&o] F1E4E 93
H[gA7HE FolE
A= AT 2 2 =)
AA 7tEEHAzbe] AEdel flE FE UM
FoeE 9 30Hz7MA F7H413A 4 ok

| Hel A B 2hrt 4ol waEl Foin
Agd =2sted dels A7 Fig 119 Y&
Wk e 22z Agrt FoMgSsE 2w
gute] =g Azlo] Svlstx, Azt WEgo B
ojgg & 4 vk Wt £ sidxAds
£33 AAME FEHRRYH W X AXLFE
=3, I Agle % 100 ym o]/do] vlFAS

T Atk FYI ZHNNA fo wa Fof
Ao Eedt= AT, .2 Fig 12 o] JER
S| =RE AR At AhesE
& w2t 5 WA dx FUkEha, A
7 HAAFE Frbgo) A AAste wHir)
A g SAZE7 A3 AsES &
ot oA FEERE dz Qo A
9 dgoz <l ol F B do] FH
2 2EY 25 Ao AR ¢v] W&ol

.

d

o pl o 1



882 AEgT

14 o e e —
xe—ZOOum 3
- == x =150 um ]

12

10

LR AR RN AR LR AR AR R

0 AT ENSRE FTETE FERWE AN N YT SN S TS FE TN
5 10 15 20 25 30 35 40
u [mis]

o

Fig. 12 Maximum temperature differences for flow
velocity at various sensor locations (70
mW, t; = 2 ms)

Web AT, & o838 4% 249 49 L&
274 AME FE Aol AAskE Aol 2

3o 1 AglE 150 gm o] &7t wpgA sl

AA g F5(Re 5000)0A4 7HE HAo oA
ZFol 2EA mlAe AYE Hshr] A
HA FolF 71E "ol AZ7F 50 ~ 90 mWER
HE o AzEe B mE 2EXE Fig 13
@° YErT FAR fF&oA 7tE F29 A
717} F7HE wEme] =g Akl = Wyl gl
AT F48s & & 3tk &, 7149 H29
AZle 4 vzt J&FS FA Zu, 43
7o FHo2mawre d¥Hoez F/MIE=R
sE S AAZE Ayt & AgdE F5540)
Zbssl At =g 712 wE Yl(heating duty ratio)
5, 389 7tE AHE 1 ~ 3 msE WEAA 9
A ZF& F7ME A o127 A 100 gmo
A Azre M2 2EXME Fig. 13(b)°l el
7t AZbo]l FUMEE FTH oA Fo) F7}
sta Ax G IR A3 =At F48
o ety HdLzAe ZAYS
azy Fw YA F2 SAHAFAY %*3%
AR e " oA o] F
< BFEg AxzAolth

oehx] FA wjPAIEE o] &EE AS AAF
£o] AHAN f&o W2 Fav Pt 2 F
dexae SAREE zste] et A
ol AeE Z2A3 v, Do W SARAY &
A Wzl g AR R G A7) 2

L
2
o
L
o
i
por e

sy
-
E — P= 90mW E
1“E --- P=80mW 3
wE P=T0mW }
3 === P=60mW ]
10k = P=50mwW _
~ 3 ]
< 8F 3
6F 3
2| ;
ok AT T TRV AT PRI PP PO TR

6o 1 2 3 4 5 6 7 8 9
t [ms]

(a) Power magnitude (¢; = 2 ms)

16 preer
14
12
10

AT

R RS LA A R A RS R AR RN RRA)

o N A O

ol FEETY FERTE FEETI INUTE FEREY SV FUNTY FRE TS

o 1 2 3 4 5 6 7 8 9
t [ms}]

(b) Power width (P = 70 mW)

Fig. 13 Effects of (a) magnitude and (b) width of
heating pulse on the
difference (Re 5000, 100 xm)

temperature

e ARe 2AFoEH FEE SHUNS &
4% 4 stk
4.8 =
B ATNAE FHNNL o g3l WATH

o2 Az 94 slolaz AFKBAAY A
Aol sl et 2o AN I
() vhelaz FE7t 94 eE Rz A5
A9, URES 53 AEE n#stel, 45T
Qo 24z} B RE o 100 um A Po| LE
4 MAE AAsE Aol wier s

e o fr



Adusel B 94 AFaFAAY AA 94 883

3N
T o
N
1R =
e r
>
o &
"
L
o

<
2L
o
N
okt 0
i)
>,
L
fu
N
T
i
o 4
BN
)
ook

o] A= 2005d% MEAl At HHAY 9
A7le A7 A Aoz FIHAFUT
ool #AA oejEA FA=HEYT

Ik
rar

I-_]T__E_

(1) Nguyen, N. T., 1997, "Micromachined Flow
Sensors - A review," Flow Meas. Instrum., Vol. 8,
No. 1, pp. 7~16.

(2) Ashauer, M., Glosch, H., Hedrich, F., Hey, N.,
Sandmaier, H. and Lang, W., 1999, "Thermal
Flow Sensor for Liquids and Gases Based on
Combinations of Two Principles," Sensors and
Actuators, A 73, pp. 7~13.

(3) Buchner, R., Sosna, C., Maiwald, M., Benecke
W. and LangW., 2006, "A high-temperature
Thermopile Fabrication Process for Thermal Flow

Sensors," Sensors and Actuators, A 130, pp.
262~266.

(4) Sparrow, E. M., Goldstein, R. J. and Jonsson,
V. K., 1964, "Thermal Instability in a Horizontal
Fluid Layer : Effect of Boundary Conditions and
Non-linear  Temperature  Profile," J  Fluid
Mechanics, Vol. 18, pp. 513~528.

(5) Sabate, N., Santander, J., Fonseca, L., Gracia, 1.
and Cane, C., 2004,

Micromachined  Flow

"Multi-range  Silicon
Sensor," Sensors and
Actuators, A 110, pp. 282~288.

(6) Lammerink, T. S. J., Tas, N. R., Elwenspoek,
M. and Fluitman, J. H. J, 1993, "Micro-Liquid
Flow Sensor," Sensors and Actuators, A 37, pp.
45~50.

(7) Elwenspoek, M., 1999, "Thermal Flow Micro
Sensors," Proceeding of IEEE Semiconductor
Conference, pp. 423~435.

(8) Madou, M. J, 2002, Fundamentals of
Microfabrication, Second Edition, CRC Press.

(9) Park, B. K, Lee, J. S. and Oh, D. W., 2006,
"Flow Sensing Devices and Micro Mass Flowmeter
with Configurations of Cooling Air Channels," KR
Pat., 10-0692072, GO1F 1/69.

(10) Qiu, L., Hein, S., Obermeier, E., and Schubert,
A., 1996, "Micro Gas-Flow Sensor with Intergated
Heat Sink and Flow Guide," Sensors and
Actuators, A 54, pp. 547~551.



