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[ Outline ]

. Measurements of air flows

* Delay in temperature fluctuation

* Verification of the measurements using IRT

» Reattached flow behind a backstep

e Simultaneous measurements combining IRT and PIV

. Measurements of water flows in a pipe

* Verification of the measurements

» Reattached flow behind an orifice

* Heat transfer enhancement by swirling the flow
» Sudden acceleration and deceleration of flow

. Measurements of boiling
* Flow boiling in a mini-channel

. Concluding Remarks
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Turbulent temperature field measurements using IRT

IR thermograph has been widely used to measure wall heat transfer due to flow turbulence

Time average measurements ' IR thermograph

Carlomagno & Luca 1mpinging jet, air
Handbook of Flow Visualization (1989)

and many others

heated foil

Transient measurements

Hetsroni and Rozenblit turbulence, water _ I :
Int. J. Multiphase Flow (1994) Time average measurement

Silvestri, et al. turbulence, water
7th Int. Conf. QIRT (2004)
Nakamura turbulence, air

Sth Int. Symp. TSFP (2007) o
Wagner and Stephan pool boiling . ......................
J. Heat Transfer, 131 (2009) IR thermograph . 3

Golobic, et al. pool boiling
Heat and Mass Transfer, 45 (2009)

and others | heated thin-foil

However, this measurement has a serious problem: .
y : e Transient measurement

attenuation of temperature fluctuations 3

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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' Nakamura and Yamada,
Test plate to measure heat transfer fluctuation | e sl e, o 64 592902 G013

=——— thermocouples

removed
sections _

heated thin-foil

acrylic plate (titanium foil of 2 um thick)

acrylic plate titanium foll
\\ . 4 .
\ooverpiate /|

air layers of 1 mm thick

—— _ —a =

. . i [T '
Cross-sectional view Before covering titanium foil
Copper plate was shielded with gold leaf
to suppress radiation loss

Photograph of the test plate (2um thick titanium foil)

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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[ Validation of the measurements using IRT ]

Yo, To test plate

removed section If a turbulent boundary layer is
generated on the plate, we can
heated thin-foil observe the temperature fluctuation

using IR thermograph.

-—

830 mm

| S
| /

B I

I

i

I

Schematic view of a wind tunnel ' IR thermograph $C4000, FLIR
(420 frames/s)

laminar, uy=1 m/s turbulent, uy=6 m/s, Reg =925
Thermal images measured using IRT  Playback speed 1/21

Measured temperature fluctuations are attenuated in time and space
Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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How can the attenuation be restored? Nakamura, 5th TSFP, 773-778 (2007)
. ) Heated thin foil
. *qcv Sqrd /
ql?ﬂ’: T,, \ — Air-layer
Y \ ch $q7‘
T Heated thin-foil test plate
Cu

2D unsteady heat conduction equation for the foil

dT,(x,z,t) 15 d?T, (x,z,t) +d2Tw(x, z,t)
dt B dx? dz?

Cp6 ) + (C.Iin - (Icv(x» Z, t) - C.ch (x: Z, t) - éIrd (x, Z, t) - (Irdr(x' Z, t))

dcv T,

/\/\/ Thermal inertia ' —~— o~

Thermal diffusion
Heat flux fluctuation Temperature fluctuation

(measured using IRT)

Heated surface
(thin-foil and air-layer)

Temperature fluctuation attenuates

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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How can the attenuation be restored? Nakamura, 5th TSFP, 773-778 (2007)
. ) Heated thin foil
. *qcv Sqrd /
ql?ﬂ’: T,, \ — Air-layer
Y \ ch $q7‘
T Heated thin-foil test plate
Cu

2D unsteady heat conduction equation for the foil

dT,(x,z,t) 15 d?T, (x,z,t) +d2Tw(x, z,t)
dt B dx? dz?

+ (C.Iin - QCV (x: Z, t) - C.ch (x: Z, t) - éIrd (x, Z, t) - (Irdr(x' Z, t))
To be calculated

cpd

dcv T,

/\/\/ | Thermal inertia —~— o~

Thermal diffusion
Heat flux fluctuation Temperature fluctuation

(measured using IRT)

Heated surface
(thin-foil and air-layer)

We can obtain heat flux fluctuation having no attenuation
Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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How can the attenuation be restored? Nakamura, 5th TSFP, 773-778 (2007)
. ) Heated thin foil
. __;fq“’ Adra /
qmz A T i 8 Air-layer
Z w y
N2 Vel
§ T | Heated thin-foil test plate
Cu

2D unsteady heat conduction equation for the foil
dr,(x,z,t) _ <d2Tw(x, zt) | d?T,,(x, z, t))

Cp8 + (C.Iin - QCV (x: Z, t) - C.ch (x: Z, t) - qrd (x, Z, t) - (Irdr(x' Z, t))

To be calculated

dt dx? dz?

Spatiotemporal heat transfer coefficient

h(x,z,t) = qcv (%, 2,8) /(Tw (%, 2,t) — Tp)

. . : : diT,,(x,z, t)| dA4T,(x, zt T.(x, 2t
9din — ch(x, Z, t) _ qrd(xr Z, t) o qrdr(x; Z, t) + ).6( M(,l( > ) + v:i( > )> — cpgcﬂ WEit )
_Given Heat conduction to the air-layer X z

Tw(x, Z, t) — TO

qca(x,2z,t) can be evaluated by heat conduction analysis in the air-layer can be determined by IRT measurement
by applying the thermal boundary conditions of T, (x,z,t) and T¢,.

All terms in the above equation can be evaluated by IRT measurement
We can evaluate spatiotemporal heat transfer coefficient having no attenuation

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 8
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] . . Nakamura and Yamada,
Spatiotemporal heat transfer coefficient Int. J. Heat Mass Transt., Vol. 64, 892-902 (2013)
Ug (m/s)
L) 1 T 6i
150 i
o, To,, g N o E
100- A ox
B ©
q . . [ present
L ~ heated thin-foil ! ©
830 mm ; L
50_' Exp. (water)  DNS (isoflux)  DNS (isothermal) |
| — el 4 b
- I X Tiseljetal. -¢—Abeetal
'IRT O s " oo
Reg
Playback speed 1/21 Mean spanwise wavelength of thermal streaks
h
100 l‘l? ] W/mZK [ T ; """"""""" ]
B Present @ IRT
(PMS) & HFs
54 0.02} -
=) o
E = 1
§ : 0.01F ’ - _Di
] A A Kim et al. {count) v 8
v Iritani et al. (count)
O lritani et al. (duration)
—-— Komori et al. (count) )
Temperature fluctuation Spatiotemporal heat transfer N T
4] 500 1000 1500
Spatiotemporal heat transfer of the turbulent boundary layer Res
(Up= 6 m/s, Rey =925, |;= 0.068 mm) Characteristic fluctuating frequency

Spatiotemporal heat transfer can be quantitatively evaluated
using IRT measurement

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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[ Reattached flow behind a backstep ]

Nakamura, IHTC14, 22753, (2011)

140mm o 150mm

= 10mm [J The backst flipped
) B e backstep was flippe
u L\ Uy = 6 m/s upside down to suppress
03 Rey = 3560 the buoyancy effect

T,- T, =20~ 30°C

Wide measurement | 1/21 slow playback

Close-up measurement | 1/40 slow playback

10 30 &80 70 90 110 130 mm

-

step side wall
A mottled structure appears in the flow reattachment region,

which 1s considered to be formed by many spot-like reattachments
Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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Mechanical vibration of the foil

Since this measurement uses a very thin foil, there is a concern that the foil vibration
due to flow turbulence may affect the measurement

removed . - e i Adis = 0.89 pm

sections e e

. 0.2 0.3
------------------------------ t (s)
' Vibration displacement of foil

. _heated thin-foil / measured with a laser displacement meter
acrylic plate (titanium foil of 2 um thick) electrodes
= (Backstep at uy = 6 m/s)

Vibration displacement of the foil was on the order of 1Tum
even in the flow reattachment region

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 11



Comparison with DNS

. IRT

l}eated thin-foil

h
C O (WmXK)

85
65
45
25
| 5

0 2 4 6 8 10 wHg

Spatiotemporal HTC
IRT measurement at Re, = 2500
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DN

Hattori and Nagano, Int. J. Heat and Fluid Flow, 37, 81-92 (2012).

e

(3 - - -y -’l‘w - ‘_.*:--:"-:;
: e T
- e = = — =X
= L — %-
- Q’n “w- . '--,-J
= "' o - -
- " - _q,l
liiiter ™ o s e —— -
T T Pl i, R " O I T T Y R N T A M TN N e |
2D block Q0 D 10 15 20 25 30 x'H

Heat flux and near-wall vortex structures
over a 2D block at Re, =900

The heat transfer feature in the reattachment region is very similar

to that obtained by DNS

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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[ Simultaneous measurements combining IRT and PIV]

PC 1

— double pulse Nd:Yag Laser
= g ; - IR thermograph

liming controller High-speed cameras
—o Ly
Flow

po0 ‘ [ ID — ’ Laser light sheet
p - 5 ID 7 PIV_measurement arca \.

= 1 . 2 il

o 1 Step height H —

PC 2 IR thermograph Heated thin-foil

Measurement system combining IRT and PIV xz cross-section measurement by PIV

This is the case for a two-dimensional three-component (2D-3C) PIV measurement
with a stereoscopic approach.

Two cameras and a double pulse laser are synchronized by a timing controller
together with IR thermograph.

By irradiating a cross-section with a laser light sheet and performing PIV measurement
together with IRT measurement, instantaneous heat transfer on the wall and its nearby
instantaneous velocity field can be measured simultaneously.

There is no interference between the two wavelengths of PIV and IRT

Only, care must be taken so that the laser does not heat the IRT measurement surface
Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 13
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Yamada and Nakamura, Int. J. Heat Fluid Flow, 61, 174-182 (2016)

Thermal measurement system
IRT{SC4000, FLIR)

Cameras(M3, IDT)
Flow
— Double pulse laser
(Salo PIV, Mew Wave Rescarch)

”.""“ 1y
.

B WK
14 i &0

2 1.5

_ PV gssurementarea b o .Z
H=19 mm ki I “WH - : il )
r _ u y h
Xz cross-section Instantaneous velocity distributions (y/H = 0.06 in the Xz plane)
_ J— and the corresponding wall heat transfer coefficient
™ I.ﬁ uminum p Al

Itanium foil (thicknerss of 2.1 um)

Instantaneous N tend to be higher when Vv is negative

V """ Rh-v Rh-w
Balss Acrvhic resin . l 3
. SUS304 Foil (thicknerss of 10um) %51 lhv~ H 31 ™
Air laver (thicknerss of lmm) 0254 0254
Rei= 2500 er 04 R, o ‘*
Spanwise cross-correlation between h and u = R P
N N = E— _'i' A = 4 Ik i"l -1 ) 4 I
; ; AsiH A=IH As/H
Ry (t, x,Az) = Pt x,z) wltxz+42) Spanwise cross-correlation between each velocity (Y/H = 0.06)
JR'(6,x,2)%)u' (¢, x, 2 + Az)? and heat transfer coefficient

Relatively strong correlation between 4 and -v
Regularity in the span (7) direction at an interval of H

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 14
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Supposed flow field in yz cross-section

From these results, it can be supposed that pairs of streamwise vortices are arranged
in the span direction at an interval of approximately the step height

Relatively strong correlation between / and -v

. Streamwise vortices

w5y O QEQ

I
I
_ . I
‘ z A 1
Step height H | | ¢ __ h
I
M
I
I
I
I

& N
T~ 7 |

H

Regularity in the span (z) direction at an interval of H

A 4

Although this is not the exact flow field,
this kind of modeling may be possible by focusing on the yz cross-section

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 15
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[ Outline ]

. Measurements of water flows in a pipe

* Verification of the measurements

» Reattached flow behind an orifice

* Heat transfer enhancement by swirling the flow
» Sudden acceleration and deceleration of flow

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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[ Measurement of water flows in a pipe ] Nakamura et al.,

[JHFF, Vol. 63, 46-55 (2017)

acrylic pipe titanium foil (22um thick) IR thermograph 3 r111 thik cper plats
N
N\
L
electrodes "N \ ::: X
Water flow - Acrylic pipe =

B —— =

240 mm \ |
electrode 280 mm | electrode

Titanium foil (22 pm thick)

Test pipe
Test pipe devised to measure spatiotemporal heat transfer of water flows in a pipe

Measurement system

Spatiotemporal heat transfer coefficient

: : : d>T (z,0,t) d>T (z,0,1) dT,,(z,0,t)
in — CICvr(Z: 0, t) - qrdr(x, Z, t) + A6 ( WdZZ + dM(/RQ)z — cpS—X

dt
h(z, 6,t) =
T (2,6,) = T (2) R ()
_ . TR\Gcv/g\Z
T, (z) =T, +jo ¢ p it R? dz
Mean heat transfer coefficient Nusselt number
(qev)o(2) h,(z)-D
h,(z) =— Nu(z) =
m (Tw)e(z) — Tu(2) A

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 17
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Validation of the measurements

Cross-sectional view S Exterior view 0 IRT
— I |
Up ) I U,
—/ ' : | 5
\_H_A_U
0_9 z Water flow 22 um thick Titanium foil
Re,=1100 (laminar)
—_— Present exp.
v LJ hil - o
- 8=90 T 1T2’“ (C) 200}  (z/D = 10.8, Pr = 5) -
b 2 ® without T.P.
6 A with T.P.
4 100} -
z=190 210 230 250 mm . -
Re,= 8700 (turbulent) | /30 slow playback .--- Petukov
1O 40} (z/D=10.8, Pr=5) -
by —— Gnielinski
14 (z/D = 10.8, Pr=5)
- 12
e : i 10 20 M L N M TR | N N L N
e 8790 8 4 6 8 10° 2 4 6
2=190 210 230 250 mm Rep

Nusselt number compared with empirical formula

HTC measured using IRT is reliable at least for the time-averaged value

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 18
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Validation of temporal fluctuation  Nakamura et al., Int. J. Heat and Fluid Flow, Vol. 63, 46-55 (2017)
Re,

200 400 600 1000
Cross-sectional view <——> Exterior view Saad et al. (pipe, isothermal, Pr=1)
e 1 _ [, W——
N, T = u, 04k e O i
— S — | - = Abe et al. (channel, isothermal, Pr=0.71)
S I , : g Na & Hanratty (channel, isothermal, Pr=1 ~ 10)
>z e Piller (pipe_isoflux. Pr=0.71)
0.2 N .
h (W/m2K) - ya% s o e et
' 3500 0.16-0.18 L ‘. A
3100' Tiselj et al. (flume, isoflux, Pr=1, 5.4)
0=0 *__—‘w §§£ 0.1 - ® .
1900 [
-30 1500 [ Presentexp. e without T.P.
.
2 =200 220 240 mm oA wintE
_ 4 6 8 10 2 4
Instantaneous HTC (Rep =10100) Rep
Rms value of the fluctuating heat transfer coefficient
< 4000} I | | | E Re,
Temporal € , 200 400 600 800 1000
fluctuation zoor 300 | | | | |
< i Present exp. (without T.P.) ’
+_._‘.—’ - { A Kim et al. (B.L, water)
O Iritani et al.(B.L., isoflux, water)
o | ¢ Nagano et al. (B.L., air)
Power spectrun o0 2001 % @ Isshiki et al. (pipe., isoflux, air) |
| @ ¢ 3
Pre-multiplied o py 12§0 — 130 :
)5 0 L
power spectrunr X 100} A -
0 A QO —-—mmmm e -
Komori et al. (channel, water)
ey tc+:tc/V/Uﬂcz tczl/ fc ]
Probability u o . ( ) . . .
density functior & 0 10000 20000 30000 40000
ReD

Characteristic period of the heat transfer fluctuation

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 19
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Validation of spatial fluctuation Nakamura et al., Int. J. Heat and Fluid Flow, Vol. 63, 46-55 (2017)

Cross-sectional view <———> Exterior view

LA ) |L ] ) s Mean spacing of the thermal streaks is reasonable
=y L . .
= compared to available experiments and DNSs
g 2 at the lower Reynolds numbers where the streak
h (W/m2K) spacing is sufficiently resolved.
3500
300
§§£I 200 R& 400 600 1000
1500 L] L] ] I L]
' ‘ . 2001 Present exp )
z=200 220 240 mm e without T.P. { {
P
Instantaneous HTC (Rep = 10100) v | with T.P-
o E}{ ©
o
100} i—gﬁ—ﬁ—o (X @ .
. . & 4000 + 4 (]
Circumferential “g o 1 O@ DNS
distribution g. 2000 j\/’\—/\/—/\/\’ O Abe et al.(ch, isothermal, Pr=0.71)
F e i Exp. (water) O Tiselj et al.(flume, isoflux, Pr=5.4) i
0 _'5 6 5 O [ritani etal.(B.L., isoflux) ¢ Tiseljetal.(ﬂume_, isothermal, Pr=5.4)
RO (mm) . @ Hetsroni et al.(flume, isoflux) l e sthermal, Pr=071)
a0 Keu=1200m" 1 4 6 8 10° R 2 4
Power spectrum & | 4,545 12 €p
- Mean spacing of thermal streaks
. g 1.5F
Pre-multiplied 9
power spectrum & g5} k. =280 m-l - lc* =lc/(v/Ur)
0 " 1 " N PRSPPI
100 k(m") 1000 lc=1/ke

Spatiotemporal heat transfer in a pipe can also be measured using IRT

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 20
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[ Reattached flow behind an orifice

FS“5“5“~3‘1~*{L61—180

orifice acrylic pipe
Uy SE L A
;g.z _.___.___._._._._._._._.:_._._.
ol | \ ' e
80 mm titanium foil (20.7 pm thick)
electrode -
P 240 mm -
. 280 mm
Orifice plate

(Flow separation)

Real speed

1/32 slow playback

Flow reattachment

RO
ﬁ\

electrode

[ IRT

Orifice plate

The temperature decreases suddenly
behind the orifice plate due to the
flow contraction and reattachment,
and fluctuates rapidly

The temperature in the reattachment region
fluctuates in a very complex manner

as forward flow and reverse flow compete
with each other

Thermal image behind an orifice plate at Re, = 12000

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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Fully developed | 1 Reattachment 1 Recovery

water flow ~———

T,-T.(C)7 8 11 13 15 orifice Tw-Tw(C) 3 5 7 9 Tw-Tm(°C) 3 4 5 6

In the flow reattachment region, a fine mottled structure

S DatiOtem Doral heat transfer ‘ appears, and fluctuates violently and complicatedly

Fully developed 1 | Reattachment Recovery
| ‘ | 30
; 0=0
; -30
zID = -2 -1 ! zID =1 2 z/D =2 3 4
] s Orifice B B E———
h (W/m?K)2000 3000 4000 5000 6000 h (W/m2Ksooo 8400 10800 13200 15600 18000 h (W/m2Ksooo 8400 10800 13200 15600 18000

Shiibara, Nakamura, Yamada,

ReD ~ 12000, U,,~ 0.5 m/s 1/80 slow pla¥back Mechanical Engineering Journal, Vol. 2 (2015) 99

ThefMal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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Mechanical vibration of the foil

Since there was a concern that the flow turbulence may vibrates the foil,
we measured the mechanical vibration using a laser displacement meter.

titanium foil (20.7 um thick)

acrylic pipe

Um - = ' .‘R\Q“-L”-B = 180° .rf"ﬁq
: — 0 =0°
B / - AN ]
orifice
on the titanium foil  on the acrylic pipe

(/D =2.5) (/D =9.3)

Rep =12000, 2D =9.3

Rep= 12000, Tw-Tm=10C, 2/D=2.5

5 —_—
IS E
< 2
g ? =
5 pooo
-5 -ld‘rms =1.9 llm : \ . \ ) . i I’d rl':'li 1..1 EITLT'I- '
. : 0 0.2 0.4 06 0.8 1
tis)

08 1

0 0.2 04 06
tis)

(a) On a thin test surface at z/D =25 and 6 = (" (b) On an acrylic pipe at z/D =93 and 8 = (F

Time trace of vertical displacement due to mechanical vibration at Rep = 12000

Vibration displacement of the foil was on the order of 1 um
even when the water flow fluctuated violently and complicatedly.

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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Relation between flow reattachment and heat transfer

Shiibara, et al., Trans. JSME, 82, 16-00067 (2016), in Japanese

Instantaneous reattachment

Orifice plate

2D-0 1 2 3
Instantaneous 7, Instantaneous A
(Instantaneous convection velocity)

Since this measurement produces time-series data of the instantaneous heat transfer coefficient,
we can calculate the convection velocity of the heat transfer using PIV software.

Using the calculated convection velocity, we can evaluate the instantaneous reattachment position
where the streamwise convection velocity becomes zero.

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 24
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Relation between flow reattachment and heat transfer

Shiibara, et al., Trans. JSME, 82, 16-00067 (2016), in Japanese

Instantaneous reattachment
W e S A e

W e Rl (A el

AN

zZD=0 1 2 3

Instantaneous 7', Instantaneous A
(Instantaneous convection velocity)

7

l Ensemble-average

: Mean heat transfeg maximum -average
z | ﬂD:1'42~1'551.93~$.od Mean reattachment position

Ensemble-average Nu number M |
i /\/\!N,n T k_!_ig.?sjao?
Mean Nu number ¢ /7 " S=l—A> 3 Upstream flow reattachment contributes
— : / D =22 . . more to the heat transfer enhancement
0.08F PDF of h I
- i | reattachment : than downstream
Probability of reattachment osf | ZID=27 1
g : A L .
4 1 2 i ! 3
. m— r 2§ .

W
W

It is possible to investigate the relationship between heat transfer

and flow field near a wall using IRT measurements
Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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[Heat transfer enhancement by swirling the flow]

Re = 5800 — 3‘:':':':':‘(0

no swirl
. h W/(mZK)
Y -J-:--.mt- T T e—— m o e e TR
> . a T ;w' T 3000
= e 'ﬁ"rﬂ-"ﬂ - ." 2 ‘QM"H“M“ PN T bw“‘{‘% 2000
; il bt ) ! AT I Gl b it .
R R TR [ S TR T (N TR Loy o Loy 1 o by 1 1000
z/D=2 3 6 fi 8 11 12

Instantaneous HTC (no swirl) 1/5 slow playback

water flow twisted tape
The streaky structure inclines @m&m@

in the swirling direction, and

the spacing of the streaks with swirl
becomes narrower P/D=2.5 . I Wim2K)
3000
2000
- 1000

Instantaneous HTC (P/D = 2.5) 1/5 slow playback

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan 26
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Dissimilarity between heat and momentum transports

Nakamura, et al., IHTC17, 333, (2023)

& 500 (et ———
WmLihEu- ) Titanium foil | | . - g . -
= : ® no swirl p
Swirl generator ~ I O P/D=25 L7 7 |
. e o} 3.3 with swirl - 12000
g A 5 ,:' ©
— 2000F P -
% .
‘Re=5800
h,, St S |
— = C_ = Turbulent
Ty f 1000 | -
Re=1150 i}
5 1 =
By applying the swirl, HTC increased 500 L3minar ', ., ., , o ,
up to 30% at the same wall shear stress 2 5 10! 2 5 10° 2
in the transition regime (Rey = 1500 ~ 5000) Tw (Pa)= (D/4)(Ap/Az)

Ap is cross sectional average
Mean HTC against wall shear stress

Dissimilarity appears between heat and momentum transports

To clarify this mechanism, we are currently attempting to investigate turbulent shear stress and turbulent heat flux
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[ Sudden acceleration and deceleration of flow ]

Nakamura et al., Int. J. Heat and Fluid Flow, 85, 108661 (2020)

Flow acceleration and deceleration was generated by opening and closing a valve

Test section $ valve
on : :
Valve o = e R »
O — —_— \\ // L ' -
NS \j L assJ 4
o \ ?yp /
Valve opens . Valve closes "~ i i i
AV B C D . EF oG valve
Mean VClOCity : ; : $ee2)000 = = | = = = measured
(m/s) ok : - Re=21000 £ s ,,Hi Elmrﬂ‘x{ delay restoration
o =TT Measum eu - \.._ : —
Re=7000 HE'—'I:{I[][] S delay restoration - i 5 Re=T000 Re =7000
l.' 1L : 1 a 1L | - 0 . . S 1 i ]
Center velocity 1 E 1Y
(m/s) 0.5F = 0.5f
i 1 i J
0 ]
HTC 4000 #4000
(W/m?K) e
2000 <2000
= — : 0 TR 2
x-ulveunpen ! I (s) : valve close I (s)
Sudden acceleration Sudden deceleration
When the valve opens, When the valve closes,
the velocities increase immediately, the velocities decrease immediately,
but HTC has a delay but HTC decreases gradually
before it begins to increase. after a short delay.

28

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan



EUROMECH Colloquium 631, Madrid, Spain, Mar. 18-20, 2024

[ Sudden acceleration and deceleration of flow ]

Flow acceleration and deceleration was generated by opening and closing a valve

Nakamura et al., Int. J. Heat and Fluid Flow, 85, 108661 (2020)

$ valve

Test section

on y r
Valve o —-> - ;Df&') >
» \j L 'xbypassJ 4
O I g,
Valve opens . Valve closes \_~> _ v G
A Y B C D : ‘f F G valve
Mean VClOCity E $ee2)000 E : Re=21000 l,L E = = = measured
(m/s) osk : L Em-Re =21000 £ ost k delay restoration
Re =7000 .f:*r'fi{llltl _-.Iulil;\' restoration P H Re=T000 Re =7000
“ 1 2 i ] - 0 - - - . 1 i ]
Center velocity 1| g I
(m/s) 0.5k = 0.5
1 i ]
] ]
HTC  4000f #4000
2000 F <000 5
1 i ] U = 1 r i é
x-ulveunpen ! I (s) : valve close I (s)
Sudden acceleration Sudden deceleration
10 4D 1 h
V:Ihe? the. Va'l:vet o}feéls, the streaky ,gm_ | (“;émzK) o
structure is stretched, o ~
. ~ o - oo
and after a while, the finer structure 2 2500 9 = 1720 playback speed
w_ 600 o
1 - on

appears, and reaches the state of steady
turbulence at Re = 21000.

Thermal Eng.

Instantaneous HTC
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Nakamura et al., Int. J. Heat and Fluid Flow, 85, 108661 (2020)
Flow acceleration and deceleration was generated by opening and closing a valve
(I; valve

on X
Valve —p> —p ;Df&_) -
Off — —_— \\ // L T -
\ L IbypassJ 4
Valve opens . Valve closes i : -! i i
A ' B C D i I J'!:L F G valve
Mean velocity e 21000 e = : - — = measured
@s) ok i | A1 | Re=21000 £ ,|“ \u\ —— delay restoration
. o A - : =TT Measuew - | _
Re =7000 - T':{.[:":] P delay restoration £ 8 P00 Re=7000
“ i : & i -r;; “ — ¥ s 1 i ]
Center velocity | E 1T
(m/s) 0.5E = 0.5f R .
1 i J
0 ]
| L r‘:_:é-"iﬂﬂﬂ
Mean HTC * £
(W/m2K) 2
2000 <2000
i i 1 ]
0 | ¢ 2
x-ﬂlueﬂnpgn : r :.5} 2 valve close [ (s)
Sudden acceleration Sudden deceleration
10 11 D 1k
When the valve closes, the streaky =] W/m’Ky &
: 6600 ~
structqre grushes into qmottled st.ruct.ure, S 4;23' - =< 1/20 playback speed
and this diffuses over time, resulting in 4 - 600 >

- on
1

a gradual decrease in HTC.

Instantaneous HTC

Dissimilarities appear between the flow field and heat transfer

immediately after the acceleration and deceleration of flow
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[ Outline ]

. Measurements of boiling
* Flow boiling in a mini-channel
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[ Flow boiling in a mini-channel ]

High speed ITO
cgmefa 1 Gold electrode CaF,
erstand tl
Rectangular mini-channel |
(2 mm > ) % window

Boiling water o ¢ 6 73 84t € 8 Y et Lo
— . ¢ “ 'I .'. "' . . " ".‘- -] - i n--IA‘F[HF:‘::;‘h R 1 |
11'.1'i e O 1’-_ .’-'- .

CaF, window
coated with ITO

ITO film
(700 nm thick)
(Transmits visible light (Transmits visible light
and infrared light) and is opaque to
High speed IRT infrared light)
camera 2

CaF, window
(2 mm thick)

Schematic of spatiotemporal heat transfer measurement

Thermal Eng. Lab, Dept. Mech. Eng., Natl. Defense Acad. of Japan
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Measurement example of boiling heat transfer

Yoshida, Yamada, Funami, Nakamura, IHTC17, 465, (2023)

High speed
camera 1

l Visible image 1

Minichanr%elt

i‘i‘l‘# 0.0 et s vee N

* ;?:"f .
— s -‘.'-‘.;nm:.. -4‘! ;.'::;qtt-'?::: 1/70 slow p|ayback

High speed IRT

Fine and high-speed heat flux fluctuations
camera 2

are clearly captured caused by flow boiling

Visible image 2 | Heat flux fluctuation
2000 fps, 25 pm resolution

In this research field, there have been very few measurements of heat transfer fluctuations,
and DNS is currently not possible

It is expected that this measurement method will provide an opportunity

to elucidate the flow boiling mechanism.
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[ Concluding Remarks J

IRT allows quantitative measurements of rapid and complex
spatiotemporal fluctuations in convective heat transfer due to turbulence

in both gas and liquid flows.

Also, IRT measurements make it possible to visualize flow patterns
near a wall.

Simultaneous measurements combined with PIV provide a quantitative
relationship between near-wall vortex motion and heat transfer fluctuations.

IRT measurements can also be extended to research fields
where spatiotemporal heat transfer has been hardly understood,
such as flow boiling.
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Detectable temporal and spatial scales

Nakamura, Int. J. Heat and Mass Transfer, Vol. 52, 5040-5045 (2009)

Heated thin-foil €, P, A, ® Temporal fluctuation amplitude (f: frequency)

\ Agq AT Aqg heat flux fluctuation
—_— Air layer w =
AT, €. P chplﬁf + VT Cipid 05 |
BN heat capacity thermal effusivity of air-layer
Isothermal wall _ _ _
ﬁ Spatial fluctuation amplitude (k: wavelength)
Aq heat flux fluctuation
AT, =
Temperature resolution AT, W ASk? + Nk

thermal conductance = Thermal conductivity of air-layer

0 AT, becomes smaller as the spatio-temporal scale of fluctuation becomes smaller

Fluctuation can be detected if A7), > AT,

Even with a high-performance infrared camera,
fluctuations cannot be detected unless this condition is met!
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Detectable limits
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L] L] | L] L

S (um) Cpo (J
= Titanium 2.0 4.7

—_——-— CIC2INA

in AN - e
200 Hz-mttine

Im°K)

.

10°
4h (T,~To)lA
Detectable limit of fluctuating frequency

Heat transfer fluctuation
measurements in
turbulent airflow:

10 30,000
Tro (W/m’K)

10°

ATy, = AT condition can be determined analytically

Nakamura, Int. J. Heat and Mass Transfer, Vol. 52, 5040-5045 (2009)

I‘l’

& (um) Ad (LWWK)

II'I

10°F === Titanium 2.0 32 3
—-— SUS304 10 160 e
e Carbon 5 6.5 ) N
- -
é 1o [ 2Hm Ti: 95 M) -reeereernnnmnnsnnnns ;
R S— 10um SUS: 1.2 mm
.

"
.
L L i aaul A |

A4 a g seal i

Ah =20 W/m2K |
(T —T,) =30 °C
AT,y = 0.02 °C

By using a 2 ym thick titanium foil, it is considered possible
to capture temperature fluctuations on the wall due to turbulent airflow
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10° 10° 10* 30,000 10°
Ah (Ty=To)/ATirg  (WIM?K)
Detectable limit of spatial wavelength
- = AQg/AT\g, = Ah(T,— T,)/AT,g, = 30,000
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NOise RedUCtion Nakamura and Yamada, Int. J. Heat Mass Transf., Vol. 64, 892-902 (2013)
dT, (x,z,t) d*T,(x,z,t) d*T,(xzt) . . . . .
CP‘SWT = < ‘:lxz ‘:lzz + (qin - qcv(xf Z, t) - ch(x, zZ, t) - qrd(xf Z, t) - qrdr(xi Z, t))

Low-pass filters with sharp cutoffs are applied in the time () and spatial (x and z) directions
to suppress noise amplification in the calculation of the derivative terms.

L . @ agp =i 2_
Spatial noise reduction I ' .
e FEWTW
signal (turbulent) — filterd T

Prw (Kz)

80 90
X (mm)

Temporal noise reduction

uE
0 0.05 0.1

PT.,,,. (f}

C.05 01

t(s) t{s)

Measured temperature  After applying low-pass filter 5 10 f'[H '] 50100
Z

Turbulent boundary layer (u, = 4 m/s) SN ratio of temperature fluctuation
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