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Abstract Thi paper nvestigates the chancteristics ofw all ten perature field and axilw all heat conduction of stain less
steelm cwtubes w ih nnerd ameters of 168 m and 399 m, as distilled water fbws though the stainless steel m icro-
ube Based on themal maging technology of m icro area the temperature dstrbutbnmaps on the wall of micwotubes
are obtaned by enpbying an R Camer Or constant Reynolds nunber and d ifferent heatng pavers A sinple math-
ematic model is used to express the rehtionshp between the axial wall conductive heat and the flud convective heat
transfer The expermental results and theoretical analyss show that the quantity of axialw all conductive heat is consid-
erably small and may be neglected compared to the convective heat transfer Hr liquid flow n m rotube
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W ith the rapid development in bioengneering and biotechnology, aewspace m icroelectronics materials
processng and m anu facturing et more and more researchers are engaged n the study about the m icroscale flw
and heat transfer In the earliest nvestigatbn of microscale flow and heat transfer Tuckemann and Peasé "
studied the fluid fbw and heat transfer characteristics in m icrochannels and demonstrated that electronic chips
could be effectely cooled bym eans of the Hreed convectve flow of water thugh m icrochannels fabricated e+
ther directly n the silicon wafer or n the circuit board on which the ch ps weremounted Wu and Littlel” m eas-
ured the heat transfer characteristics for gas flov n m iniature channels w ith nner dian eter ranging fran 134 to
164 m. The tests nvoled both lan nar and tuibulent flow regmes Their results show ed that the wurbulent con-
vention ocaurs at a Reynolds number of approxmately 1 000. They also found that he convectwve hear transfer
character stics depart fum the predictions of the establshed enpirical correlatbns formacroscale ubes They at
trbuted these deviations to the asymm etric roughness and the large relative roughness of the m icoochannel w allg

Choi et al ' measured the convective heat transfer coefficient for the fow of nitogen gas inm icroubesw ith inner

diameter ranging fran 3 1o 81 m for both lan nar and turbulent regimes In contrast to the conventbnal predie-
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ton they found that the m easured Nusselt nunber exhbits a Reynolds number dependence in fu ldeveloped
lam nar flov and the m easured Nusselt numbers are larger than those predicted by the D itus-Boelter correlatbn
and the Cobum analogy is no bnger valid in turbuknt flw. No early transition to turbulent convection was ob-
sewved. W ang and Pengm also experin entally stud ed the forced fbw convection of liquid in m icrochannels and
found that the fully developed turbulent convection was nithated at Reynolds numbers n the range of 1 000~

1500 and that the conversion fiun the lan nar to transition regn occurred in the range of 300~ 80Q The heat
ransfer behavior n the lan nar and transitbn regions was found to be quite unusual and camp licated Peng and

5
Peterson

hter confimed these expermental observations usng methanol flow ing through sm ilar m icrochannel
structures and analyzed experimentally the effects of the themofliid and the geam etric variables on the heat trans-
fer Yu et al®’ swdied the convective heat transfer characteristics ofw ater n m icrotubes with diam eters of19
52, and 102 m The experments were perfomed for wrbulent regines with Reynolls nunber greater than
2500 Itwas found that at a low Reynolds number the heat transfer data fran m icrotubes and hrge tubes were
more or less the sane, but the values d verge as he Reynolds number increased V alues of the Nusselt number
were alvays higher than those predicted by the conventional correlations The Cobum factor changes w ith the
Reynolds number Adams et al” expermentally nvestiated the tuibulent convective heat transfer of water in
m icrotubes w ih nner dian eters 0f 760 and 1 090 m. Their results showed that Nusselt number for the m icro-
tubes is higher han thatpredicted by the conventbnal empirical correlatbns formacroscale tubes

In the above cited literatures there is consilerable disagreement about the effects ofm icroscale on the flw
and heat transfer M ost of stud ies showed hat the Nusse It num ber for m icroscale heat transfer is h gher than those
trad itbnal corre lations formacwscale Sane researchers”' attrbuted this enhancen ent to thinn ng of the bounda-
ry hyer in the narrow channels others ? consilered that he ncrease of the N usselt number resulted fran the
size effects ofm icroscale, such as the fbw canpressbility effects the effect of roughness the variation of pre-
dan nate forces the effect of surface gean etry, the effect of surface electrostatic chages and the effect of axial
heat conductbn n the wall ofm icrochannel orm icrotube etc O f them icroscale effects only the effect of axial
heat conduction along thewallwill diop the convective coeffic ient for m icroscale heat transfer' . T general the
axial heat conductbn in the channel or ubewall of conven tbnal size can be neglected because the wall thickness
is usually very sn all canpared to the channel or wbe diameter Hovever thewall thicknessm ay be of the same
order of magnitude as or even larger than, the channels or wbes diameter which will affect the flov and heat
transfer in the m icrochannels orm icroubes

Onlk a Iinited nunber of literatures published to nvestigate the surface temperature characteristics of m icro-
tube orm icrochannel Convective heat transfer in microtube axial heat conduction radiant heat transfer and
convectve heat transfer n the outerwall of m icroube and so on, will affect the surface tam perature distrbutbn
ofm rrotube Tt is very difficult to obtan he local tenperaure d stribution by a conventbnalmeasurem entm eth-
od e g, themocouples However the bcal tamperature distribution is very mportant for analyzing the mecha
nisns of fbw and heat transfer n m icroscale spaces

In this study, an expermentalmethod of visualization by using an R can era is deve bped to get the photos
of surface tem peraure distrbution ofm icronbesw ith nner diam eters of 168 and 399 m. A detailed descrpton
of the surface tem perature field of m icwtube is presented and discussed These results provde new, fundamental

can prehension for surface tanperature character tics n m icrotube

1 Expermental Setup and Procedure

The test facility illistrated n Fig 1 manly consists of a pressure supply systan, a liquid poo] a ftest see-
ton a data acquisition system and an IR camera ( JEOL, JIG - 7300) etc The stable and exact pressure nitro-
gen is supp lied by the pressure supply system, which is fomed by a nitogen bottle a three- layer filker a pre-

cise pressure regu latng valve an air storage reservoir and a quick-opening valve The nitrogen bottk, which is
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capable of pressure to 12M Pg maintaned precisely a given pressure ( less than 1 6MPa) by a precise pressure
reguhting valve In order to avoid any particles n the nitwgen fran entering and con tam natng the woik ng {hr
i the hree-filker with the aperture of filtration filn of 50 m, 25 m, 5 m i tun were nstalled between
the nitrogen bottle and the precise pressure regulatng valve The function of gas storage reservoirwas to avoid

gas fluctuation.

I'lldll('il];_' pl'f‘\'.\ll re \)ll\'l‘

data acquisition

system meter box s 5
’ infrared thermoviewer

Nitrogen bottle

. . test section
collection cylinder

joint of the pressure transducer

and the temperature transducer
Fig.1 Schematic of the experimental test loop

D istilled waterw as used as the working fliid which was deposited in the liquid pool W ater was pressed
fran the liquid pool by the h gh-pressure nitrogen and fbwed hrough the test secton The liquid poolwas con-
nected by a snalkd iam eter polyurethane tube w ith 2MPa resstng pressure to a joint ust upstrean ofm icrotube
The cross-sectional area of polyurethane tube was over 50 tines of that of the largest tested m icotube, which as-
sures that the fluid vebeity in the polyurethane wbe is neglgbl anall Two calbrated pressure transducers
which were nstalled at the we-end jont of the test section were used tom easure the nkt and the outlet pres-
sure of them icrotube The uncertainty in pressure measuren entwas 0 % of themaxmum reading The trans-
ducers were ad psted before each test

The fluid flow rate for a given pressure difference and a microtube sample was detem ned by collectng a
lqud vobme durng a correspond ng elapsed tme A hih-precisbn graduated cylnderw ith an accuracy of 0 1
mL was used tomeasure the volume of the accumulated liquil A llof the tests were conducted w ith an ncram ent
of at least SmL. Them easurement was nitiated after the prescrbed experim ent pressure was setby openig the
reducng valve n the nitogen bottle and adjustng the prec se regu lating valvg and the fluiid flow became steady
and the fud level in the graduated cylnder reached a pre-setm nmum. The elapsed tim e was then recorded
while the level n he graduated cylinder reached a desired increment The accuracy of the flow ratemeasurement
was estmated to be 2.

Precise lquil temperature m easurements were necessary to detemn ne the accurate valies of the viscosity
and the density A K-type themocouplew ith an accuracy of 0 1  was placed at the outlet ofm icrotube tom eas-
ure the exit temperaiure of the flov. Another themocouplew ith the sane type and accuracywas placed at the -
let to measure he entrance tenperature of the flow, as shown in Fig 2. The them ocouplesw ere calbrated be fore
experinents Themeasured tanperatures were then used to detem ne themean flud tenperature and to calculate
the Nusslet nunber The accuracy of the temperaturem easurement is estmated to be 0 3

Fy 2 gwves a defailed view of the test sectbn An anpemeter and a vollmetey whose accuracies are
0 0% and 0 0% of the maxinun measurament range, respectively were connected to the woe-end of the test
secton and were used tomeasure the current and the voltage In order to reduce the electrical contact resistance
slverwel was used to pn the red copper wbew ith the stainless steelm icrotube The stailess steelm icrotube
was electrically heated directly by a power source which can supply low electric voltage and hgh electrical cux
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binding post(connecting power source, voltmeter and amperemeter)

polyurethane tube polyurethane tube

5 L

-
r connected to joint of the

stainless steel microtube

connected to joint of the

pressure transducer pressure transducer

thermocouple with 0.2 mm diameter red copper tube(inner diamater 3 mm)  thermocouple with 0.2 mm diameter

Fig.2 Schematic of the test section

rent Themal insulation materalw as attached to the exit section ofm icroube between the red copper tube and
hem easuring point of the themocouple The whok test sectbon was mstalled n an optical bench which can
regu hie precisely the distances n four directions of front back, left and right

A scannng electron m icoscope ( SEM ) wasused to measure the inner d iam eter of the stainless stee lm icro-
tube Four scann ng electron m icrographs are shown n Fig 3 and n Fig 4 Them icroubew ith the nner diam e-
ter o399 m featured smooth nnerwallw ith few wall perturbations while the wall of them icrobew ith the -
ner dian eter of 168 m was consderably rough The fourm easurements of the inner dianeter ( wo each at the
m icrotube nlet and outlet) were averaged tom nim ize the measuren ent errors Themeasuran ent results show ed
hat he differences betveen average nlet and average outlet for stanless steel m icroube were 2% . The uncer
tainty of the m icrotube d iam eterm easurementmamly can es fran the SEM system ic error at about 1%, the var
iation ofmultp i ing pow er form easur ng d ifferentm icrotubes and sam e artificial errors n the selection of tangent
location etc The hun an bias is difficult to quantify and elim nate and only ncrease the overall uncertainty in
diametermeasurement However them nimum uncertainty n diam eter m easuren ent for stainless stee lm icrotube
is estinated to be 3% ',

g |

Fig.3 SEM image of the cross—section of a stainless steel Fig.4 SEM image of the inner surface of a stainless steel microtube
microtube with inner diameter of 168 pm and 399 pm with inner diameter of 168 pm(left) and 399 pm(right)

The nitrogen gas in the nitrogen bottk acted as pressure source and drove the d stilkd water in the collectbn
cylinder through the m icrotube D iffusion of a snall quantity of nitrogen gas into the woik ng fluid is possble
when he wok ng fud contacts w ith he pressed nitwgen in the collection cylnder In addition as the distilled
water poured nto the collection cylnder itm ight absorb a little of air Those m ht change heat transfer charae-
teristics especially n the m icwscale conditions To reduce the uncertainty of gas absorption by distilled w ateg
he purity of nitogen gas in the nitrogen bottle reached 99 %% at least Meanwhile the dstilled water was
stored n an airtight container and w as poured into he collectbn cylnder through a wbe to avoil the air contact
The test showed that the gasificatbn m ight be negligble for his study as the above-mentbned sil'IF were taken.
By theway because the change of nitrogen gas pressure n the test is bw (< 10 bar), the physical properties
varatbns of he liquid are considered negligible

Based on them icroscale thematin aging technobgy, surface temperature distrbution of the m icrotube w as
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measured by the high-precision R canera wih ameasurng range fran = 50 t0 2000 and measurng accuracy
0 1 . The R camera can confim te surface temperature of an object according to the ntensity of the surface
nfrared en Bsivity of themeasured ob ject
Besiles the temperature of the object same other factors such as hem aterial and the surface conditbng

also influence the surface emissivity of the ob ject Consequently, it is difficult to know the real em isswity of an
object There will be consierable temperature gaps beween the real tanperature and themeasurng temperature
ganed by the IR camera if he real surface am issivity of them easured object is notknown Alsq the distances
between the themoviewer lens and the m easured ob ject and the size of the measured object have great nfliences
on the measured results In addition, te light intensity n the environment also affects measurement results In
order to acquire real temperature distrbutbn by the IR camera many revishg testswere conducted n the pres-

ent sudy W e found that the tem peratures at different points on the sane ob pcthave the follw ing relatonsh ip

=== 0 (1)

Whereti, #, #  are the measured temperature values by the IR canera T, T» T3  are the real tan—
perature values corresponding to &, b, &  respectively

Accoding to Eg 1, only if a real temperature of a certan
pont in he temperature distribution picture taken by the R cam- i
erawas confimed could he real tanperature field be acquired |
Therefore it is crucial to get the real temperature of a certan

pont n the temperature distrbution picture A K-type themeo-

couple with an accuracy of 0 1 was used to measure the tem-
perature of the sliverweld hat connects the stanless steelm icre- Fig.5 Temperature calibration photo for IR camera
tbe and the red copper ube ltmay be sail that the real tem per
alure of he secton of them icwo tube w as equal to that of the slverweld which is the measured temperature fran
he themocoupk The photo fran this testwas illistrated n Fiz 5 The temperature valies of the pontN i the
Fg 5 which is the jont of the m rrotube and the themocouple are read by the themocouple and by the R
can era respectvel. The ratb of them is the valie of g as shown nEq 1

Certanly, the distance beween the lens of he R camera and them icroubemust be equal nwhole tests
which requires that the horizontal errors fran one end to the other end of the m icroube sanplemust be less than
0 Ilmm. The Ength of them icroube taken by the R canera each tine depends on he distance between he lens
of the R camera and hem icrotubg and the larger the distance bew een the themoviever lens and them icrotube
is thewider he R camera could taken The length n them icrotubewas taken about 2 lmm when the distance
is 56mm Canpared to the shooting range of the IR canera the diameter of them icrotube is too thin so a spe-
cialm agnifyng lens through which 99% of nfrared ray can pem eate wasused n the tests The electric resist
ance of the red copper tube is different fran that of the stainless steel microtubg especially at the pnt of the
lead wire and the red copper tube aswell as the silverwel thus the heat produced by he electrical current is
different toa The test showed that the heat produced at the jontwas appreciablymore han that at the other part
of hem icrotube because of the b gger contact resistance of the red copper tube Such a siuatbnwouH apprecia-
bly affect he temperature distrbution of the wo-end of the m icrotube In order to precisely measure the surface
temperature field of the micotube only the m ddle part of them icroube which is about 10mm away fron the
wo ends of he microube sample was photographed

Sw agelok fittings were used as the conduit connectbn of the experinental test loop to prevent leakage The
link tubes anong the pressure supply system, the liquid poo] the test sectbn and the graduated cylnder were
he polyurethane wbew ih an inner diameter of 3 1 mm and 2MPa resisting pressure A1l the measuranent de-
vicesw ere connected to a canputer data acquisitbn system. Durng am easuranen} the pressurg aswell as the
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power sourcg was set tomantan a desired output The pressure Tabk 1 Experinentaluncertainties

was regulated to produce a constant and needed fow rate The output Parm eters Uncertainties
. . N Flov rate 2 0w
of he power sourcewas set so as to obtain desired tem perature distri
Current 0 020
bution For each measuremen| the steady-state fbw was consilered Volage 0 0%
when the readings of the temperatures did not change any more At D i eter 5 %
Ten perature( R Canera) 03

such a steady state the temperaturg the flow rate and the tempera

ture field of the surface weremonitored and recorded for about20min Themeasurement for he sanem icrotube
was repeated at least thrice at the same flow rate and heating power The uncertanties involved in them easure-

ments are given inT able 1

2 Results and D iscussion

A nunber of experin ents w ere conducted using stanless steelm icroubesw ih the same wbe length and d i
ferent diameters Photos taken by R can era are presented n F igs 6~ 7 for distilled water flov n them icrotubes
wih nner dian eters of 168 and 399 m and outer diameter of 406 and 799 m, respectively

B: section from 30 mm to 50 mm of microtube C: section from 10 mm to 30 mm of microtube

129.0
27.0
25.0
23.0
21.0
19.0

D: section from 10 mm to 30 mm of microtube D: section from 30 mm to 50 mm of microtube
Fig.6 Axial surface temperature distribution photos on the microtube with inner diameter of 168 pum and outer diameter 406 pm,

at Re=410 and heat flux of (A) 23.62 W/cm?, (B) 19.04 W/ecm?, (C) 9.29 W/em?, (D) 5.58 W/em?

In order to avoil the inflience of lghton taking the all shots are conducted in the datk The themovewer
lens is only 56mm away fran the surface of them icrotube that can acquire better effect However hemaximum
length of them trotube is21mm in each inage at such a condition. Two shotsmustbemade for the sam e m icre-
tube sanple to obtan the surface temperature field ofw ith 40 mm lengh.

Fis 6~ 7 show clearly the varatbn of surface tan perature fied w ith different heating power By usng the
mage processng sofware the relative temperature values at any poing averaged temperature valie on any area
and the isothem can be obtamed By equation (2), hemodified temperature values can be obtaned as shown
n Fig 8

T= T (2)

W here T ismodified temperature vabhe T ismeasuring valie by R camera is correctbn factor and is
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B: section from 30 mm to 50 mm of microtube C:

D: section from 30 mm to S5U mm of microtube

D: section from 10 mm to 30 mm of microtube
Fig.7 Axial surface temperature distribution photos on the microtube with inner diameter of 399 pm and outer diameter
799 um, at Re=420 and heat flux of (A) 12.10 W/em?, (B) 9.79 W/cm??, (C) 7.01 W/em?, (D) 3.63 W/em?
defned as equation (1).

It is observed fran Figs 6~ 8 that as heatng power ncreases the tanperature grad entalso ncrease In the
condition of sane heatng pover the tanperaure gradient is alnost the san e along w ith the entire wall of m icro-
tube The average heat flixes along the axis of them icrotube for wo different tube dian eters are shown n Fig 8§
Fr 8 indicates that axial heat flux w ith bigger ratb of the total cross-sectbn area to the hok area of the m icro-

tube is greater

v=1.36 m/s and D=0.168 mm v=0.78 m/s and D=0.399 mm
701

A heating power: 12.605 W 60F Yheating power: 13.629 W
s - .
65F ™ heating power: 10.188 W ssk ®heating power: 11.994 W
® heating power: 4.938 W 4 ®heating power: 7951, Wy ¥
60[ * heating power: 2.983 Wa . sof *heating Rowet: 4M04'W
L]
g S55f & o ow & v .
l: 'Y L [ ] - E: 45F . @ [ ]
s50r . . [
ssb " ) « o0’
° . ° .
40F o o o ° 35F
e ¢ P T T B
35t . * « % & * L 30
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
X/mm X/mm

Fig.8 Surface temperature distribution on microtube wall

Because the nlet and outlet tam peratures of the distilled w ater as well as the flow rate hrough hem icrotube

were measured the convection heat transfer n them icrotube could be calculated and it is shown in Fg 9

3 Theoretical Calculation About Influence of A xial Conduction on Convective H eat

T ransfer

The scheam atic of the theoretical calcu hton is shown in F g 10

Defning a differential control sectbn X n them icrotube

tve heat can be represented as
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d
0 E (qon (d+ ) ) X 11 wv=1.36 m/s and inner diameter of 0.168 mm
= 0 == Y 4 . (3) 10}  4v=0.78 m/s and inner diameteg of 0.399 mm
v qwov S 9t a
W here Qoo and Q o, are the quantities of axial 2 st .
— A
wall conduction along wall of the micowbe and the =
2 6F
convectve heat transfer n them icrotube respectwely, B g .
g sk
W; Gonand g, are the axial conductwe heat flux along -<2 af »
the wall and the convective heat fux n them ico tube, 1 S
respectvely, W i’ d is he dianeter ofm iotube 2 :; = 61 """ 9'L 1‘2 - 1'5
m; & he thickness of wall of them icroube m Heating pwer/W
The axial wall heat conduction along wall of the Fig.9 Relationship between convective heat and heating power

AX

) W vvv:‘:v"i'm /// %}O

Fig.10 Schematic of analysis model

m icrotube wall can be considered as one-d imensbnal and is expressed as

q(',m = - ks dX s

:qm—d‘;‘([-ksi}{ng}:-qi?{ng} . (4)

W here k£, & he them al conductwity, is equal to 49 6W /(m K) for the stanless steelwih 0 5% car

Thus

bon
Accoding to Eq 4 the effects of the axial wall conductbn on the convective heat transfer are dam nanted

by the second order derivative of temperature in the axial direction thewall thickness and the them al conductiv-
2

ity of them rroube Usually itis very difficult to obtan = B by a conventional measurementm ehod H ow—

ever the surface temperaure field ofwall can be obtained by using the R camera and thus the valie of can be
accurately gotten n the present study

The curve in Fig 8 is slight concave and thus the valie of is plus By fittng the tanperature d istrbuton
finctions tenperature at d ifferent heatng pow er and calculating the second derivative, the maxmum value of s

about 0 1K /m’.

qm\': F . (5)

W here @ is the quantity of convective heat transfer W; F is the nner surface areg m’.
Substituting the values of andq., into Eq (4), thecalculated valie of s less than 0 1%, so the axial
heat conducton abng the wall can be neglected canpared to the heat by convecton accoddng to F g 9

4  Conclusion

Based on the hemat magng technobgy, IR canera was used to measure thewall temperature of wo kinds

of steel ubes w ih nner dian eters 0of 169 m and 399 m, respectvely Same conclusions fran the present ex

perinents are as b llow:
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1) The bealwall tem perature d siribution on a m icotube can by effectively measured by an IR canera
2) The nflence of the axialwall conduction heat on the convectve heat transfer is weak as a lquid fbw s

through a steel tube and the axialwall conduction can be neglected canpared to the convectbn
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