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Measurement of temperature profile using the infrared thermal camera in torbuolent
ctratified liguid flow for estimation of condensation heat transfer coefficients
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ABSTRACT

Direct-contact condensation egxperiments of atmospheric steam and stedri /mir mixture on
subrpoled water fowing co-currently in g recfanguigr channeg! are oorried out using an
infrared thermal camera sustem to develop @ temperature megsurement method,

The inframetrice Model 7880 Infrored Therpw! Imoging Radicmeter iz used for the
medgzurerment of the temperature figld of the water film for varipus fow conditions.

The lpogl heat trangfer cogfficient iz molculcted wsing the bulk ferperdture grodient along the
flown direction It iz alsp found thot the temperature profiles can be used to understond  the
interforial condgneation heot érangfer characteriztice docording fo the fow condifions such az
noncondenseble oz gffects, inclingtion gfect, and flon rates

1. Introduction

Direct contact condensation is fundamentally impertant in LWE safety analysis and other
industrial applications, Especially, during a postulated LOCA(Loss Of Coolant Accidents), cold
ECCWiEmergency Core Cooling Water) would be injected to cool down the reactor core,
When the subcocled water is injected inte the heorizontal pipe filled with stearn, the steam
flowrs ower the water in the oppeosite direction and steam condensation occurs in a stratified
flowr, The local condensation rate and the relative motion of steam and water are important in
the determination of core uncowery, Furthermore the local condensation heat  fransfer
coefficients are the kev parameter of water hammer, [ 5.J. Kim 19968) Especially, for the case
of thin water laver flow, Segev et al(1981) evaluated the interfacial condensation heat transfer
coefficient frem an increases in the bulk temperature of water flow, Thevy measured the
temperature of the water-side wall surface which were used as a bulk temperature of water
flowr, And this seems to be reasonable in cases there were not great differences between the



bulk temperatures of water flow and the wall surface temperatures for the water flow,
Howewer, in order to get the accurate local condensation heat transfer coefficients, it is
necessary to measure the temperature peofile without any flow disturkbance in getting the local

heat transfer coefficient,

2. Experimental works

2.1 Description of an experimental loop

&n adiabatic two-phase leop iz moedified to carry out direct-contact condensation experiments,
The overall schematic diagram of the experimental facility is shewmn in Figure 3.1,

Several warlables are measured to obtain a  direct-contact condensation heat transfer
coefficient, In the test loop the flow rate, pressure, and temperature of mixture in the test
section are locally measured, The inlet pressure and temperature in the test section are
measured at the top of the water wessel commected to the fest section, Water subcocling is
controlled based on the temperature measured in the water vessel, Inside the test section, local
bulk mean termperatures are measured by thermocouples and the infrared thermal camera at
twro locations,

2.2 Temperature measurement system

In order to measure the temperature profile and wisualization of the temperature field, two
infrared glasses are specially installed, which are  parallel to the inside surface of the side
wall of the test section in order fo make disturkences in the water flow as small as possible,
&c seen figure 33, the first one is located Tiem away from the enfrance of the test section
for the purpose of visuvalization of the interface of stratified flow, Therefore, the infrared glass
I located brmm akowe the bottom of the wall, The other one is located 122cm away from the
entrance of the test section in order to measure the temperature profile to get the bulk
termperature, For cross-checking the temperature measured by the infrared thermsl camera,
T-tvpe thermocouples with a thickness of lmm are installed at the side wall m the wertical
direction at the 0dmm regular intervals between thermocouples, The detailed diagram of the

installed infrared glasses and thermocouples is showmn in figure 32,

2.3 Infrared Thermal camera systems

This swstem has the adwantage of being noninvasive, thus allowing measurements without
interfering with enviromments under investigation, It alse maps continmously the entire region
of interest, The output can ke displaved on a wideo screen, thus permitting real-time
evaluation of the result, The detailed diagram of the infrared thermal camera svystem is shown
i figure 3.3,



3. RESULTS AND DISCUSSION

3.1 Local heat transfer coefficient

To ewvaluate the mesn temperature and welocity at each wertical position from the hottom, the

termperature and wvelocity profiles in the cross-sectionally heorizontal direction are assumed as

followrs:

(a) The temperature profile is uniform in the cross-sectionally horizontal direction,

(b) The welocity profile follows the law of the wall in the cross-sectionally horizontal
direction, From the energvy halance equation the heat transfer coefficlent iz defined as

follows
poo Ca-Wilz) | dTy(a) ()
* B[ Te—Tla)] dzx
Universal welocity profiles from the law of the wall are as follows:
Uw = Vo, for ¥h ¢ 5, (2)
ud = 50Iyh — 305, fa 5 ¢ vh ¢ 30, (3)
uy = 25yl + 55, for yo v 30, (4)
where 1_1$=E,|'r1_1._,, }r$=}rw-u._,fu,and u, = Voo, o,
T ciud 2 —1/4 5
el 5 = uf,and ¢y = 0.0791 Reg for 4000 £ Rep £ 107

The bulk ligquid temperature is defined as follows:
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wWhere V[ pen ) and Tp e (v) are the mean velocity and mean temperature across the

: (5)

channel width, V[ o0 (3) is caleulated from the assumption of the law of the wall and
T Lomem t¥) 15 equal b0 TL cemer (¥ ,35 shown in figure 3ia),

In order to ewvaluate the applicakility of the IR thermal carnera to calculate the heat transfer
coefficient, the termperatures measured by thermocouples and the IR thermal camera are
cotnpared, The first step iz the comparizen of temperature from the thermecouples and the IR
thermal camera one, The second one is to compare the center temperatures directly measured
kv the traversing thermocouple i the water laver with wall one measured by thermecouples
imstalled in the +wall, The third one is to compare the temperature profile measured by the
thermocouple traversing in the water lawer with the one measured by IR thermal camera in
the same width direction of the wall side of the test section. For the case of the first one it



iz found that the IR thermal camera can measure the temperatures with an error bound of +
05% as we can find the same result from the lots of previous works of [R imaging
experiments, In the second one, Fig 3(a) shows that temperature profiles between the center
temperature directly measured by traversing the thermocouple i the middle of width and the
wall temperature measured by thermocouples installed in the wall are almost the same, The
result of the third step of experiments is shown figures 3(k) which is the IR thermal imaging
picture, There iz 132 of temperature difference between them,

Finally, we apply this measurement methed to get the bulk femperature peofile using the
velecity information from the law of the wall The results of the experiments are shown in
figures d(a) and 4(b), In figure 4{a), Bbtl and Btl indicate the temperatures measured by
thermocouple located in the middle of the channel The infrared thermal camera is positiconed
at the same distance of Btl so as to cross-check the temperature, Flow condition is cocurrent
with 52 in inclination and B2 in inlet water temperature, The rest of the information are
shown in Fig, 4(a), The calculated heat transfer coefficient{HTC) is compared to one produced
fiomm the same experimental conditions performed by Choi(1998), The developed method
produces less local heat transfer coefficient than that estimated by using the bottom wrall
termperatures, That is because the bulk mean temperature using the bottorn wall termperature
Iz smaller than that calculated by using both the temperature profile measured b the infrared
thermal camera and the law of the wall,

3.2 Visualization of temperature field

Heat transfer phenormens are explained with parameters related to wisualization of the
termperature field such as temperature difference between the mean temperature and the
interface water laver temperature, the clearness of the isothermal boundary line and the
temperature profile gradient, In figure & it iz explained akout how to read infrared thermal
pictures for the temperature profiles of the warious flow conditions, The image of the
temperature field data can be saved in real time and the analysis of the temperature field are
performned with wvaricus software tools, One of them is to draw the line between two
interesting points in the temperature field, Then the temperature gradients between o points
can ke obfained,

3.3 Cocurrent flow
33.1 Effects of steam flow rate

The interface of the water laver is stable for the low steam flow rate as shown in figure
Gia), Figure 6(c) shows that the interface of water flow becomes wavy as the steam flow

mereagses kecause the temperature profile  line fluctuates, When the steam flow rate becomes
very large, an agitation with the high frequency and the small amplitude occurs in the



mterface, which increases the heat transfer rate, The temperature field perturkbation is
increased as the steam flow rate increases, Figures 6(a) through G6(c) show that the
temperature difference between the water temperature of the bottom side and the interface of
water decreases rapidly, which means the heat transfer rate increases as the steam flow rafe
increases,

3.3.2 Effects of inlet water temperature

Figures G(d) and 6(e) show that temperature profiles become steep as the inlet water
temperature Increases, It Is alse found that in case the femperature difference hetween the
bottom and the top of the wwater laver decreases the large perturkation of the temperature field
iz observed, which induces an increase in the heat transfer rate, Feor the high inlet water
temperature, the effects of steam flow on interfacial heat fransfer are similar to those of
results as shown in figures 6(a) and B(c).

34 Countercurrent flow

The similar phenomena to the counter-current flow are observed for the effect of steam
flow rate and inlet water temperature in cocurrent flow , To compare figure 6(d) with fizure
T(b), heat transfer in cocurrent flow is more enhanced than that of countercurrent flow
because the temperature difference between the mean temperature and the top of water laser
temperature in countercurrent flow is larger than cocurrent one,

Figures Tia) and 7(c) show that temperature profiles become steep as the inlet water
temperature ncreases, It is also shown that heat fransfer near the interface of water increases
as the inlet water temperature increases,

3.5 Countercurrent flow with non—condensable gas

The hiz difference ketween the pure steam flow and the steam with noncondenzable gas is
the temperature at the top of water laver, Due to the nencondensable gas nearby interface of
water laver gas temperature profile decreases as the mass fraction of nencondensable gas
increases as shown flzures 8(a) and 8(k). That must ke an important peint in heat transfer
because of the heat resistance layer thickness owing to the noncondensable concentration, Inlet
water temmperature effects are similar to other cases as shown in figures 8{a) and 8(b),

3.6 Flow visualization of temperature field

It has keen kneown that the heat fransfer rate mcreased aleng with an inclination of water
flowwr due to the fact that high wawve amplitude helps the increase of the surface renewal rates,
In figure 10, the direction of the wawves moton is cpposite to the flow direction by the force
of the shear stress of high steam flow, That makes the entrainment of the wawes which
induce the active heat fransfer between the gas mixture and subcooled Houid flow, Howewer,
the flow condition reaches the countercurrent flow lmit quickly,



4. CONCLUSIONS

The inframetrics DMNodel 760 Infrared Thermal Imaging Radiometer 5 uwsed for the

measurement of the temperature profile and the temperature field of the water flow according

to the flow conditions at the experimental works, The main findings are as follows:

{a) The temperature difference measured by between the thermocouples and the infrared
thermal camera is less than +05% for the same height, S¢ we assume that the
temperature profiles are uniform along with width direction of the water laser,

(b} The temperatures measured by infrared thermal cemera are calibrated by the
thermocouples and the temperature profiles measured by the thermocouples shows almost
the same with those measured by the infrared thermal camera, And then the local heat
transfer coefficient iz calculated by using the bulk temperature profile measured by the
infrared thermal camera,

() The termperature field patterns especially temperature gradient in the water layer according

to the flow conditions such as the flow directions (countercurrent or cocurrent), the
inclination degree and the inlet water femperature can be used to understand the
interfacial condensation heat transfer characteristics,
In all cases it iz found that the temperature profiles  become  uniform,  which
means that the wide mixture isothermal lawer nearby interface is shown as the inlet
water temperature increases, When the ratic of noncondensakble gas is increased, the
temperature of interface water laver becormes much less than the saturated temperature
even though wawve amplitude increases, The inclination degree has an important role in
increasing wave amplitudes which increase the surface renewal rates,
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