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Abstrac t: Th is paper investigates the characteristics o fw a ll tem pera ture field and ax ia lw a ll heat conduction of sta in less

stee lm ic rotubes w ith inner d iam eters o f 168 �m and 399 �m, as distilled w ater flow s through the sta inless steel m icro-

tube. Based on the rm al im ag ing techno logy of m icro area, the tem pera ture d istr ibu tion m aps on the w a ll o f m icro tubes

a re obta ined by em ploy ing an IR Cam era fo r constant Reyno lds num ber and d ifferent heating pow ers. A sim ple m ath-

em atic m ode l is used to express the re la tionsh ip betw een the ax ial wa ll conductive heat and the fluid convectiv e heat

transfer. The exper imenta l resu lts and theoretica l ana ly sis show that the quantity of ax ia lw a ll conductive hea t is consid-

e rably sm all and m ay be neg lected compared to the convec tive heat transfer fo r liqu id flow in m icrotube.
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[摘要 ] � 以蒸馏水流过内径分别为 168�m和 399�m的不锈钢微管,研究了微管壁面温度分布和壁面轴向导热特征.依据微

面热成像技术,用红外热像仪获得了恒定雷诺数和不同加热功率下微管壁面温度分布图.用一个简化的数学模型表示了壁面轴

向导热和流体对流传热关系.实验和理论分析表明微管内壁面轴向导热量微小,与液体对流换热相比可以忽略.
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� �W ith the rap id development in bioeng ineering and biotechnology, aerospace, m icroelectronics, materials

processing andmanu facturing etc, more andmore researchers are engaged in the study about them icrosca le f low

and heat transfer. In the earliest investigat ion o f m icroscale flow and heat transfer, Tuckermann and Pease
[ 1]

stud ied the fluid flow and heat transfer characteristics in m icrochannels, and demonstrated that electronic chips

could be effect ively cooled bym eans o f the fo rced convect ive flow of w ater throughm icrochanne ls fabricated e-i

ther d irectly in the silicon w afer or in the circuit board on wh ich the ch ips w eremounted. Wu and L ittle
[ 2]
m eas-

ured the heat transfer characteristics for gas flow in m iniature channe ls w ith inner d iam eter rang ing from 134 to

164 �m. The tests invo lved both lam inar and turbu lent flow reg imes. Their resu lts show ed that the turbu lent con-

vention occurs at a Reyno lds number of approx imately 1 000. They also found that the convect ive hear transfer

character istics depart from the predictions of the estab lished emp irica l correlat ions formacrosca le tubes. They a-t

tributed these dev iations to the asymmetric roughness and the large re lative roughness o f the m icrochannelw alls;

Cho i et al
[ 3]

measured the convective heat transfer coefficien t for the flow of n itrogen gas inm icro tubesw ith inner

diameter rang ing from 3 to 81 �m fo r both lam inar and turbulent reg imes. In contrast to the convent iona l predic-
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t ion, they found that the m easured Nusse lt number exh ib its a Reyno lds number dependence in fu l-l developed

lam inar flow and the measuredNusselt numbers are larger than those pred icted by the D ittus-Boelter co rrelat ion

and the Co lburn analogy is no longer va lid in turbu lent flow. No early transition to turbulen t convection w as ob-

served. W ang and Peng
[ 4]

also experim enta lly stud ied the forced flow convection o f liquid inm icrochanne ls and

found that the fu lly developed turbulen t convection w as in it iated at Reyno lds numbers in the range o f 1 000~

1 500, and that the conversion from the lam inar to transition reg ion occurred in the range of 300~ 800. The heat

transfer behavior in the lam inar and transit ion reg ions w as found to be qu ite unusual and comp licated. Peng and

Peterson
[ 5]

later conf irmed these experimenta l observations using methano l flow ing through sim ilar m icrochannel

structures and analyzed exper imenta lly the effects of the thermo flu id and the geometric variables on the heat trans-

fer. Yu et al
[ 6 ]

stud ied the convective heat transfer characteristics o fw ater in m icrotubes w ith diameters o f 19,

52, and 102 �m. The experiments w ere perform ed for turbu lent reg imes w ith Reyno lds number g reater than

2 500. Itw as found that at a low Reyno lds number, the heat transfer data from m icrotubes and large tubes w ere

more o r less the same, but the values d iverge as the Reyno lds number increased. V alues o f theNusselt number

w ere alw ays higher than those predicted by the conventional correlations. The Co lburn factor changes w ith the

Reyno lds number. Adams et al
[ 7]

experimentally invest igated the turbu lent convective heat transfer o f w ater in

m icrotubes w ith inner d iam eters o f 760 and 1 090 �m. The ir resu lts show ed that Nusse lt number for the m icro-

tubes is h igher than that pred icted by the convent iona l empirica l corre lations formacroscale tubes.

In the above cited literatures, there is considerable disag reement about the effects o fm icroscale on the f low

and heat transfer. M ost of stud ies show ed that theNusse lt number form icroscale heat transfer is h igher than those

trad it iona l corre lations formacroscale. Some researchers
[ 8 ]

attributed th is enhancem ent to th inn ing o f the bounda-

ry layer in the narrow channels, o thers
[ 9]

considered that the increase o f the N usselt number resulted from the

size effects o fm icroscale, such as the flow compressib ility effects, the effect of roughness, the variation of pre-

dom inate forces, the effect o f surface geom etry, the effect of surface electrosta tic charges and the e ffect o f ax ial

heat conduct ion in the wa ll o fm icrochannel orm icrotube etc. O f them icrosca le effects, only the e ffect o f ax ial

heat conduction along thew allw ill drop the convective coeffic ient form icroscale heat transfer
[ 10]
. In genera,l the

ax ial heat conduct ion in the channe l or tubew a ll of conven tiona l size can be neg lected because thew all thickness

is usually very sm all compared to the channe l or tube diameter. How ever, thew a ll th icknessm ay be of the same

order of magnitude as o r even larger than, the channels or tubes d iameter, wh ich w ill affect the flow and heat

transfer in the m icrochannels o rm icro tubes.

On ly a lim ited number of literatures published to investigate the surface temperature characterist ics ofm icro-

tube orm icrochanne.l Convective heat transfer in m icrotube, ax ia l heat conduction, radian t heat transfer and

convect ive heat transfer in the outerw a ll of m icro tube and so on, w ill affect the surface temperature d istribut ion

ofm icrotube. It is very d ifficu lt to obta in the local temperature d istribution by a convent iona lmeasurementmeth-

od, e. g. , thermocouples. However, the local temperature distribution is very importan t for analyzing themecha-

n isms of flow and heat transfer in m icroscale spaces.

In this study, an experimentalmethod o f v isualization by using an IR cam era is deve loped to get the pho tos

of surface temperature d istr ibution o fm icro tubesw ith inner diameters of 168 and 399 �m. A deta iled descript ion

of the surface temperature field ofm icro tube is presented and discussed. These resu lts prov ide new, fundamental

comprehension for surface temperature character istics in m icrotube.

1� Experimental Setup and Procedure

The test fac ility illustrated in Fig. 1ma in ly consists o f a pressure supply system, a liquid poo,l a test sec-

t ion, a data acqu isition system and an IR camera ( JEOL, JTG - 7300) etc. The stab le and exact pressure n itro-

gen is supp lied by the pressure supply system, w hich is formed by a n itrogen bo tt le, a three- layer filter, a pre-

cise pressure regu lating valve, an a ir storage reservo ir and a qu ick-opening va lve. The n itrogen bo tt le, w hich is
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capab le o f pressure to 12M Pa, mainta ined precise ly a g iven pressure ( less than 1�6MPa) by a prec ise pressure
regu la ting valve. In order to avo id any part ic les in the n itrogen from entering and con tam inating the wo rk ing f lu-

id, the three- filter, w ith the aperture of filtration film of 50 �m, 25 �m, 5 �m in turn, w ere insta lled betw een

the nitrogen bottle and the precise pressure regu lating va lve. The function of gas sto rage reservo ir w as to avoid

gas fluctuation.

D istilled w aterw as used as the w orking flu id, wh ich w as deposited in the liquid poo.l W ater w as pressed

from the liquid poo l by the h igh-pressure n itrogen and flow ed through the test sect ion. The liquid poo lw as con-

nected by a smal-l d iameter po lyurethane tube w ith 2MPa resisting pressure to a joint just upstream ofm icrotube.

The cross-sectional area o f po lyurethane tube w as over 50 t imes o f that o f the largest testedm icro tube, w hich as-

sures that the fluid ve loc ity in the po lyurethane tube is neg lig ib ly sma l.l Tw o calibrated pressure transducers,

w hich w ere installed at the tw o-end jo int of the test section, w ere used tom easure the in le t and the outlet pres-

sure o f them icrotube. The uncertainty in pressuremeasurem entw as 0�1% o f themax imum reading. The trans-

ducers w ere ad justed before each tes.t

The flu id flow rate for a g iven pressure difference and a m icrotube sample w as determ ined by co llecting a

liqu id vo lume during a correspond ing elapsed time. A h igh-prec ision g raduated cy linderw ith an accuracy of 0�1
mL was used tomeasure the volume o f the accumulated liqu id. A llo f the tests w ere conducted w ith an increment

of at least 5mL. Them easurement w as in itiated after the prescribed experim ent pressure w as set by open ing the

reduc ing valve in the n itrogen bottle and adjusting the prec ise regu lating valve, and the flu id flow became steady

and the flu id leve l in the graduated cy linder reached a pre-set m inimum. The elapsed tim e w as then recorded

while the leve l in the graduated cy linder reached a desired incremen.t The accuracy of the flow ratemeasurement

w as est imated to be 2%.

Precise liqu id temperature m easurements w ere necessary to determ ine the accurate va lues of the viscosity

and the density. A K-type thermocouplew ith an accuracy of 0�1� was placed at the outlet o fm icrotube tom eas-

ure the ex it temperature of the flow. Ano ther thermocoup lew ith the same type and accuracyw as placed at the in-

let to measure the entrance temperature of the flow, as show n in Fig. 2. The thermocouplesw ere ca librated be fore

experiments. Themeasured temperatures w ere then used to determ ine themean f lu id temperature and to ca lculate

the Nusslet number. The accuracy o f the temperaturem easurement is estimated to be � 0�3� .
F ig. 2 g ives a detailed v iew o f the test sect ion. An ampermeter and a voltme ter, whose accuracies are

0�02% and 0�01% o f the max imum measurement range, respect ively, w ere connected to the tw o-end o f the test

section and w ere used tomeasure the current and the voltage. In order to reduce the electrica l contact resistance,

sliverw e ld w as used to jo in the red copper tubew ith the stainless stee lm icrotube. The sta in less steelm icrotube

w as electrically heated d irectly by a pow er source, w hich can supply low electric vo ltage and h igh electrical cur-
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ren.t Thermal insulation mater ia lw as attached to the ex it section ofm icrotube be tw een the red copper tube and

them easuring po int of the thermocoup le. The who le test section w as installed in an optical bench, wh ich can

regu la te prec isely the d istances in four directions o f fron,t back, left and righ.t

A scann ing e lectron m icroscope ( SEM ) w as used to measure the inner d iameter o f the stainless stee lm icro-

tube. Four scann ing electronm icrographs are shown in F ig. 3 and in F ig. 4. Them icrotubew ith the inner diame-

ter o f 399�m featured smooth innerw allw ith few w a ll perturbations, wh ile the w all of them icrotubew ith the in-

ner d iam eter of 168�m was considerably rough. The fourm easurements o f the inner diameter ( tw o each at the

m icrotube in let and outlet) w ere averaged tom in im ize themeasurem ent errors. Themeasurem ent results show ed

that the d ifferences betw een average in let and average outlet for sta inless steel m icro tube w ere 2% . The uncer-

tainty of them icrotube d iam etermeasurementma inly com es from the SEM system ic error at abou t � 1% , the var-

iation o fmultip ly ing pow er formeasur ing d ifferentm icrotubes and som e artificia l errors in the selection of tangent

location, etc. The hum an bias is d ifficult to quant ify and e lim inate, and on ly increase the overa ll uncertainty in

diametermeasuremen.t How ever, them in imum uncertainty in diametermeasurement for sta inless stee lm icrotube

is est imated to be 5%
[ 11]
.

The nitrogen gas in the nitrogen bo tt le acted as pressure source and drove the d istilled w ater in the co llect ion

cy linder through the m icrotube. D iffusion of a sma ll quan tity o f n itrogen gas into the w ork ing flu id is possib le

w hen the wo rk ing flu id contacts w ith the pressed n itrogen in the co llection cy linder. In addition, as the d istilled

w ater poured into the co llection cy linder, itm ight absorb a little of air. Those m ight change heat transfer charac-

teristics, especially in the m icroscale cond itions. To reduce the uncertainty o f gas absorption by d istilled w ater,

the purity of n itrogen gas in the nitrogen bottle reached 99�9% at leas.t M eanwh ile, the d istilled w ater w as

sto red in an a irtight container and w as poured into the co llect ion cy linder through a tube to avo id the air contac.t

The test show ed that the gasificat ionm ight be neg lig ib le for th is study as the above-ment ioned stTIF w ere taken.

By thew ay, because the change of n itrogen gas pressure in the test is low ( < 10 bar), the physical properties

var iat ions of the liquid are considered neg lig ible.

Based on them icrosca le therma-l im ag ing techno logy, surface temperature d istr ibution of the m icrotube w as
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measured by the h igh-prec ision IR camera, w ith ameasuring range from � 50 to 2 000� andmeasuring accuracy

0�1� . The IR camera can conf irm the surface temperature of an object according to the intensity of the surface

in frared em issivity o f themeasured ob jec.t

Besides the temperature of the objec,t some other factors, such as them aterial and the surface condit ions,

also influence the surface em issiv ity o f the ob jec.t Consequen tly, it is difficult to know the real em issiv ity of an

ob ject. There w ill be considerable temperature gaps betw een the real temperature and themeasuring temperature

gained by the IR camera if the rea l surface em issivity o f them easured object is no t known. A lso, the distances

betw een the thermov iew er lens and them easured ob ject and the size of themeasured object have great inf luences

on the measured results. In add ition, the light intensity in the env ironment also affects measurement resu lts. In

order to acquire real temperature distribution by the IR camera, many revising testsw ere conducted in the pres-

ent study. W e found that the temperatures at different po ints on the same ob ject have the fo llow ing relat ionsh ip:

�=
T 1

t1
=

T 2

t2
=

T 3

t3
= � . ( 1)

W here t1, t2, t3� are the measured temperature values by the IR camera, T 1, T 2, T 3� are the real tem-

perature values correspond ing to t1, t2, t3 � respectively.

A ccord ing to Eq. 1, only if a rea l temperature o f a certa in

po int in the temperature distribution picture taken by the IR cam-

era w as con firmed, could the real temperature field be acqu ired.

Therefore, it is crucial to get the rea l temperature of a certa in

po int in the temperature d istr ibution picture. A K-type thermo-

couple w ith an accuracy o f 0�1� was used to measure the tem-

perature of the sliverw eld that connects the sta in less stee lm icro-

tube and the red copper tube. Itmay be sa id that the real temper-

ature o f the section o f them icro tube w as equa l to that o f the sliverw eld, w hich is the measured temperature from

the thermocoup le. The pho to from th is testw as illustrated in F ig. 5. The temperature values o f the po intN in the

F ig. 5, wh ich is the jo int o f the m icrotube and the thermocoup le, are read by the thermocouple and by the IR

cam era respect ive ly. The ratio of them is the va lue of �g as shown in E q. 1.

Certa inly, the distance betw een the lens of the IR camera and them icrotubemust be equa l in w ho le tests,

w hich requires that the horizonta l errors from one end to the other end o f the m icro tube samplemust be less than

0�1mm. The length of them icro tube taken by the IR camera each time depends on the distance betw een the lens

of the IR camera and them icrotube, and the larger the d istance be tw een the thermov iew er lens and them icrotube

is, thew ider the IR camera could taken. The leng th in them icrotubew as taken about 21mm when the d istance

is 56mm. Compared to the shoo ting range of the IR camera, the diameter of them icrotube is too thin, so a spe-

cia lm agn ify ing lens, through which 99% of infrared ray can perm eate, w as used in the tests. The electric resis-t

ance o f the red copper tube is d ifferent from that o f the stainless steel m icrotube, especia lly at the jo int of the

lead w ire and the red copper tube as w ell as the silverw e ld, thus, the heat produced by the e lectrica l current is

different too. The test showed that the heat produced at the jo intw as appreciab lymore than that at the o ther part

of them icrotube because of the b igger contact resistance of the red copper tube. Such a situat ion w ou ld apprecia-

b ly affect the temperature d istr ibution of the tw o-end o f the m icrotube. In order to prec ise ly measure the surface

temperature field of the m icro tube, only the m idd le part of them icro tube, w hich is about 10mm aw ay from the

tw o ends of the m icro tube sample, w as pho tog raphed.

Sw agelok fitt ings w ere used as the condu it connect ion of the experimenta l test loop to prevent leakage. The

link tubes among the pressure supp ly system, the liquid poo,l the test sect ion and the graduated cylinder w ere

the po lyurethane tubew ith an inner diameter of 3�1mm and 2MPa resisting pressure. A ll themeasurement de-

vicesw ere connected to a computer data acqu isition system. During am easuremen,t the pressure, asw e ll as the
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Table 1� Experim enta l uncerta inties

Param eters Uncertaint ies

Flow rate 2�0%

Curren t 0�02%

Vo ltage 0�01%

D iam eter 5�3%

Tem peratu re( IR C am era) � 0�3

pow er source, was set to ma inta in a desired outpu.t The pressure

w as regulated to produce a constant and needed flow rate. The output

of the pow er sourcew as set so as to obtain desired temperature d istr-i

bution. For each measuremen,t the steady-state f low w as considered

when the readings o f the temperatures did not change any more. A t

such a steady state, the temperature, the flow rate and the tempera-

ture fie ld o f the surfacew eremonitored and recorded for about 20m in. Themeasurement for the samem icrotube

w as repeated at least thrice at the same flow rate and heating pow er. The uncerta inties involved in them easure-

ments are g iven in T able 1.

2� Results and D iscussion

A number o f experim ents w ere conducted using sta in less steelm icro tubesw ith the same tube leng th and d i-f

ferent diameters. Photos taken by IR cam era are presented in F igs. 6~ 7 for dist illed w ater flow in them icrotubes

w ith inner d iam eters o f 168 and 399 �m and outer diameter of 406 and 799�m, respective ly.

In order to avo id the influence of light on taking, the a ll shots are conducted in the dark. The thermov iew er

lens is only 56mm aw ay from the surface o f them icrotube that can acquire better effec.t How ever, themax imum

leng th of them icrotube is 21mm in each image at such a cond ition. Two shotsmust bemade for the samem icro-

tube sample to obta in the surface temperature fie ld o fw ith 40mm leng th.

F igs. 6~ 7 show clearly the variat ion o f surface temperature fie ld w ith d ifferent heating pow er. By using the

image processing softw are, the relative temperature values a t any po in,t averaged temperature va lue on any area

and the iso therm can be obta ined. By equation ( 2) , themodified temperature values can be obta ined as show n

in Fig. 8.

T = �T� ( 2)

W here, T is mod ified temperature va lue. T � is measuring va lue by IR camera. � is correct ion factor and is
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def ined as equation ( 1) .

It is observed from Figs. 6~ 8 that as heating pow er increases, the temperature grad ien t a lso increase. In the

condition of same heating pow er, the temperature gradient is a lmost the sam e along w ith the ent irew a ll ofm icro-

tube. The average heat f luxes along the ax is o f them icrotube for tw o different tube diameters are show n in Fig. 8.

F ig. 8 indicates that ax ia l heat flux w ith bigger ratio of the total cross-sect ion area to the ho le area of the m icro-

tube is g reater.

Because the in let and outlet temperatures of the d istilled w ater as w ell as the flow rate through them icrotube

w ere measured, the convection heat transfer in them icrotube could be ca lculated and it is show n in F ig. 9.

3� Theoretical Calcu lation Abou t Influence o fAx ial Conduction on ConvectiveH eat

T ransfer

� � The schem atic of the theoretical calcu lat ion is shown in F ig. 10.

Defin ing a differential contro l sect ion �X in them icrotube, the rat io o f ax ialw all conductive heat to convec-

t ive heat can be represented as:
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�=
Q con

Q cov

=

d
dX

( qcon �( d + �) �) �X

qcov�X �d
. (3)

W here, Q con and Q cov are the quant ities of ax ial

w a ll conduction along w a ll of the m icro tube and the

convect ive heat transfer in them icrotube, respect ively,

W; qcon and qcov are the ax ial conduct ive heat flux along

the w all and the convective hea t flux in them icro tube,

respective ly, W /m
2
; d is the diameter o f m iro tube,

m; � is the thickness of w all o f them icrotube, m.

The ax ia l w all heat conduction along w a ll o f the

m icrotube wa ll can be considered as one-d imensiona l and is expressed as:

qcon = - ks

dT
dX

,

Thus:

�=
�

qcov

d

dX
- ks

dT
dX

1+
�
d

= -
�ks
qcov

d
2
T

dX
2 1+

�
d

. ( 4)

W here, ks is the therm al conduct iv ity, is equal to 49�6W /(m� K ) for the sta in less steelw ith 0�5% car-

bon.

A ccord ing to Eq. 4, the effects of the ax ial w all conduction on the convect ive heat transfer are dom inanted

by the second order derivative o f temperature in the ax ia l direction, thew a ll thickness and the thermal conductiv-

ity o f them icrotube. U sually, it is very diff icu lt to obta in �=
�2T
�X 2 by a conventionalmeasurementm ethod. How-

ever, the surface tempera ture field o fw a ll can be obtained by using the IR camera and thus the value of � can be

accurately gotten in the present study.

The curve in F ig. 8 is slight concave and thus the va lue of � is plus. By fitt ing the temperature d istribut ion

functions temperature at d ifferent heating pow er and ca lculat ing the second derivative, themax imum value of � is

about 0�1K /m
2
.

qcov =
Q

F
. ( 5)

W here, Q is the quan tity of convect ive heat transfer, W; F is the inner surface area, m
2
.

Substitut ing the values of � and qcov into Eq. ( 4) , the calcu lated value of � is less than 0�1% , so the ax ial

heat conduct ion a long the w a ll can be neg lected compared to the heat by convect ion acco rd ing to F ig. 9.

4� Conclusion

Based on the therma-l imag ing techno logy, IR camera was used to measure thew a ll temperature of tw o kinds

of stee l tubes w ith inner d iam eters o f 169 �m and 399�m, respective ly. Some conclusions from the present ex-

periments are as fo llow:
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1) The localw a ll temperature d istribution on a m icro tube can by effectively measured by an IR camera;

2) The inf luence of the ax ialw a ll conduction heat on the convect ive heat transfer is weak as a liqu id flow s

through a stee l tube and the ax ialw a ll conduction can be neg lected compared to the convect ion.
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