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ABSTRACT

The subcooled boiling heat transfer and the steady-state critical heat flux (CHF) in a vertical circular tube
for the flow velocities (u=3.95 to 30.80 m/s) were systematically measured by the experimental water
loop comprised of a multistage canned-type circulation pump with high pump head. The SUS304 test
tube of inner diameter (d=6 mm) and heated length (L=59.5 mm) was used in this work. The boiling
initiation noise of outer surface of the test tube in the open air was simultaneously measured up to CHF
point by the sound level meter (SLM) and the microphone of a video camera (MP). The outer surface
temperatures of the SUS304 test tube with heating were also observed by an infrared thermal imaging
camera (ITIC) and the color temperatures of outer surface of the test tube in the open air were observed
by a video camera (VC). The subcooled boiling heat transfer and CHF for SUS304 circular tube were
compared with the values calculated by authors’ and other workers’ correlations for the subcooled flow
boiling heat transfer. The influences of flow velocity on the boiling initiation surface heat flux, the boiling
initiation surface superheat, the subcooled boiling heat transfer and the CHF were investigated into details
based on the experimental data. At the flow velocities higher than 13.3 m/s, boiling initiation surface heat
fluxes were close to the CHFs and surface superheats at the CHF were over to the homogeneous
spontaneous nucleation temperature as well as the lower limit of the heterogeneous spontaneous
nucleation temperature. The dominant mechanism of the subcooled water flow boiling CHF on the
SUS304 circular tube was discussed at high liquid Reynolds number.

KEYWORDS
Boiling Initiation Surface Superheat, Subcooled Water Flow Boiling, Critical Heat Flux, SUS304 Circular
Tube, High Liquid Reynolds Number, Mechanism of CHF

1. INTRODUCTION

* Corresponding author

NURETH-16, Chicago, IL, August 30-September 4, 2015 4798



The knowledge of boiling initiation surface heat flux and surface superheat at high liquid Reynolds
number is important to discuss the mechanism of critical heat flux (CHF) in a vertical circular tube. Many
researchers have experimentally studied the steady-state CHFs uniformly heated on the normal tubes by a
steadily increasing current for high liquid Reynolds number and have given the correlations for
calculating CHFs on the normal tubes. It has been supposed that flow velocity will affect the boiling
initiation surface heat flux and surface superheat, and the nucleate boiling heat transfer up to the CHF.
Boiling initiation surface heat flux and surface superheat may shift to a very high value at higher flow
velocity and a direct transition to film boiling or a trend of a decrease in CHF with an increase in the flow
velocity may occur due to the heterogeneous spontaneous nucleation. The accurate measurement for the
subcooled boiling heat transfer up to the CHF is necessary to clarify a change in the mechanism of CHF.

The turbulent heat transfer coefficients for the flow velocities (#=4.0 to 41.07 m/s), the inlet liquid
temperatures (7;,=296.5 to 353.4 K), the inlet pressures (£;,=810.4 to 1044.2 kPa) and the increasing heat
inputs (0=Q, exp(t/7), =6.04 to 33.3 s) have been systematically measured by an experimental water
loop. The VERTICAL Platinum test tubes of inner diameters (¢=3, 6 and 9 mm), heated lengths (L=32.7
to 100 mm), ratios of heated length to inner diameter (L/d=5.51 to 33.3) and wall thickness (5=0.3, 0.4
and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 um) were used. The influences of Reynolds
number (Re,), Prandtl number (Pr), dynamic viscosity (z) and L/d on the turbulent heat transfer were
investigated into details and, the widely and precisely predictable correlation of the turbulent heat transfer
for heating of water in a vertical circular tube was given based on the experimental data [1, 2].

L -0.08 0.14
Nuy = 0.02 Re$® Pro"(—j (ﬂJ (1)
d Hy

All properties in the equation are evaluated at the liquid bulk mean temperature, 7; [=(T;,+ (Toucar)/2],
except 4, which is evaluated at the heater inner surface temperature. The correlation can describe the
turbulent heat transfer coefficients obtained for the wide range of the temperature differences between
average inner surface temperature and liquid bulk mean temperature (A47;=5 to 140 K) with ¢=3, 6 and 9
mm, L=32.7 to 100 mm and »=4.0 to 41.07 m/s within 15 % differences.

For many years the steady-state CHFs have been already measured by exponentially increasing heat input
(Qoexp(t/z7), =8.5 to 33.3 s) for the VERTICAL SUS304 test tube with the wide range of experimental
conditions such as inner diameters (d=2 to 12 mm), heated lengths (L=22 to 149.7 mm), L/d (=4.08 to
74.85), outlet pressures (Po=159 kPa to 1.1 MPa) and flow velocities (u=4.0 to 42.4 m/s) to establish the
database for designing the divertor of the LHD [3-17]. And furthermore, we have given the steady-state
CHF correlations against outlet and inlet subcoolings based on the effects of test tube inner diameter (d),
flow velocity (u), outlet and inlet subcoolings (AT @Nd ATy in) and ratio of heated length to inner
diameter (L/d) on CHF.

Outlet subcooling:

-0.1
Bo,, = 0.082 D*°-1We°-3(d5] old for ATgu0>30 K and u<13.3 m/s )
L -0.1
Bo,, = 0.0523 D*‘°'15We‘°'25[aj sc%7 for ATgp 0,30 K and u>13.3 m/s (3)
Inlet subcooling:
(LId)
L)% e, Redd
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Bo,, =C4D*‘°‘15We‘°‘25[aj e > d g¢xC6 for ATgupin>40 K and u>13.3 m/s (5)

where C;=0.082, C,=0.53 and C;=0.7 for L/d<around 40 and C;=0.092, C,=0.85 and C;=0.9 for
L/d>around 40. C,=0.0523, Cs=0.144 and C¢=0.7 for L/d<around 40 and C,=0.0587, C5=0.231 and
Cs=0.9 for L/d>around 40. Bo% D*, We, Sc and Sc* are boiling number (=0crsu/Ghyg), non-dimensional
diameter [D*=d/{o/9/(p-pg)} 7], Weber number (=G?d/p o), non-dimensional outlet subcooling
(=CpdTsuoulhtg) and non-dimensional inlet subcooling (Sc*=cyATsu in/hs), respectively. Saturated
thermo-physical properties were evaluated at the outlet pressure. Most of the data for the exponentially
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increasing heat input (Qoexp(t/z), 7=8.5 to 33.3 s, 3323 points) are within +15 % differences of Egs. (2),
(3), (4) and (5) for the flow velocities, u, ranging from 4.0 to 42.4 m/s, respectively.

The objectives of present study are six fold. First is to measure the subcooled boiling heat transfer and the
steady-state CHFs for a SUS304-circular test tube with the wide ranges of inlet subcoolings (AT in) and
flow velocities (u) at high liquid Reynolds number. Second is to measure simultaneously the boiling
initiation noise of outer surface of the test tube in the open air up to CHF point by the sound level meter
(SLM) and the microphone of a video camera (MP). Third is to observe the outer surface temperature of
the SUS304-circular test tube with heating by an infrared thermal imaging camera (ITIC). Fourth is to
observe the color temperatures of outer surface of the test tube in the open air by a video camera (VC).
Fifth is to compare the surface heat fluxes, the inner surface temperatures and the outer ones of the
SUS304-circular test tube calculated by the steady one-dimensional heat conduction equation with these
SLM data, MP ones, ITIC ones and VC ones taken at the same time for the flow velocities ranging from
3.95 to 30.80 m/s, respectively. Sixth is to discuss the mechanism of the subcooled flow boiling critical
heat flux in a vertical circular tube at high liquid Reynolds number based on the experimental data.

2. EXPERIMENTAL APPARATUS AND METHOD

The schematic diagram of experimental water loop comprised of the pressurizer is shown in Fig. 1. The
loop is made of SUS304 stainless steel and is capable of working up to 2 MPa. The loop has five test
sections whose inner diameters are 2, 3, 6, 9 and 12 mm. Test sections were vertically oriented with water
flowing upward. The test section of the inner diameter of 6 mm was used in this work. The circulating
water was distilled and deionized with about 20 uS/m specific resistivity. The circulating water through
the loop was heated or cooled to keep a desired inlet temperature by pre-heater or cooler. The flow
velocity was measured by a mass flow meter using a vibration tube (Nitto Seiko, CLEANFLOW 63FS25,
Flow range=100 and 750 kg/min). The mass velocity was controlled by regulating the frequency of the
three-phase alternating power source to the canned type circulation pump (Nikkiso Co., Ltd., Non-Seal
Pump Multi-stage Type VNH12-C4 C-3S7SP, pump flow rate=12 m*h, pump head= 250 m) with an
inverter installed a 4-digit LED monitor (Mltsublshl Electric Corp., Inverter, Model-F720-30K). The
pump input frequency shows the net pump input power and pump discharge pressure free of slip loss. The
water was pressurized by saturated vapor in the pressurizer in this work. The pressure at the outlet of the
test tube was controlled within +1 kPa of a desired value by using a heater controller of the pressurizer.

The cross-sectional view of 6-mm inner diameter test section used in this work is shown in Fig. 2. The
SUS304 test tube for the test tube inner diameter, d, of 6 mm, the heated length, L, of 59.5 mm with the
commercial finish of inner surface was used in this work. Wall thickness of the test tube, &, was 0.5 mm.
Four fine 0.07-mm diameter platinum wires were spot-welded on the outer surface of the 6 mm inner
diameter test tube as potential taps: the first one is at the position of 4.6 mm from the leading edge of the
test tube, and the second to forth ones are at 16.5, 16.8 and 15.7 mm from the previous ones, respectively,
for the test tube number of THD-F191. The effective length, L, of the 6 mm inner diameter test tube
between the first potential tap and forth one on which average heat transfer was measured was 49.0 mm.
The silver-coated 5-mm thickness copper-electrode-plates to supply heating current were soldered to the
surfaces of the both ends of the test tube. The both ends of test tube were electrically isolated from the
loop by Bakelite plates of 14-mm thickness. The inner surface condition of the test tube was observed by
the scanning electron microscope (SEM) photograph (JEOL JXA8600) and inner surface roughness was
measured by Tokyo Seimitsu Co., Ltd.’s surface texture measuring instrument (SURFCOM 120A).
Figure 3 shows the SEM photograph of the SUS304 test tube for d=6 mm with commercial finish of inner
surface. The values of inner surface roughness for Ra, Rmax and Rz were measured 3.89, 21.42 and 15.03
um, respectively.

The SUS304 test tube has been heated with an exponentially increasing heat input supplied from a direct
current source (Takasago Ltd., NL035-500R, DC 35 V-3000 A) through the two copper electrodes shown
in Fig. 4. Heat transfer processes caused by exponentially increasing heat inputs, Qq exp(t/z), were
measured for the SUS304 test tube. The exponential periods, 7, of the heat input ranged from 7.02 to 8.51
s. The common specifications of the direct current source are as follows. Constant-voltage (CV) mode
regulation is a 4.75 mV minimum, CV mode ripple is 500 uV r.m.s. or better and CV mode transient
response time is less than 200 usec (Typical) against 5 % to full range change of load. The boiling
initiation noise of outer surface of the test tube in the open air was simultaneously measured up to CHF
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point by the sound level meter (SLM, RION CO., LTD. Sound Level Meter NL-42) and the microphone
of a video camera (MP, SONY Handycam HDR-CX270V). The outer surface temperature of the test tube
with heating was observed by an infrared thermal imaging camera (ITIC, NEC Avio Infrared
Technologies Co., Ltd. Thermography TVS-200EX) and the color temperature of outer surface of the test
tube in the open air was observed by a video camera (VC, SONY Handycam HDR-CX270V). The
accuracy of an infrared thermal imaging camera (ITIC) is £2 % of reading. The outer surface of the test
tube was uniformly painted black with black body spray (Japan Sensor Corporation, JSC-3, emissivity, &,
of 0.94) in this work.

The average temperature, T, of the SUS304 test tube shown in Fig. 4 was measured with resistance
thermometry participating as a branch of a double bridge circuit for the temperature measurement. The
output voltages from the bridge circuit, 77, together with the voltage drop across the potential taps of the
test tube (first and forth potential taps, Vx=IR, first and second ones, V;,=IR;;, second and third ones,
Vio=IR,, and third and fourth ones, Vz;=IR3;) and across a standard resistance, V;=IR,, were amplified
and then were sent via an analog-digital (A/D) converter to a digital computer. The unbalance voltage, V7,
is expressed by means of Ohm’s low as the following form.
1(Ry ><RR2 —R; xR;) ©)
2+Rs

These voltages were simultaneously sampled at a constant interval ranging from 60 to 200 ms. The
average temperatures of the SUS304 test tube between the first and forth potential taps and between
adjacent potential taps (first and second potential taps, second and third ones, and third and fourth ones)
were calculated with the aid of previously calibrated resistance-temperature relatlon Rr=a(1+bT +cT7),
respectively. The average temperatures of the test tube between the two electrodes, Vg4, Were compared
with those between first and fourth potential taps, Vg, and much difference for a heat loss could not be
clearly observed in high subcoollng range. The heat generation rates of the SUS304 test tube between the
first and forth potential taps, O=IR, and between adjacent potential taps (flrst and second potential taps,
0,=FRy;, second and third ones, Q,=I"R,, and third and fourth ones, Q;=I’R;;) were calculated from the
measured voltage difference between the first and forth potential taps and between adjacent potential taps
of the SUS304 test tube, Vg, Vi, Vzo and Vs, and that across the standard resistance, V,. The surface heat
fluxes between the first and forth potential taps and between adjacent potential taps, g, qi, g, and gs, were
the differences between the heat generation rate per unit surface area, Q, Q;, Q. and Qs, and the rate of
change of energy storage in the SUS304 test tube obtained from the faired average temperature versus
time curve as follows:

dT
a-te-re )

where p, ¢, V and S were the density, the specific heat, the volume and the inner surface area of the
SUS304 test tube, respectively.

Vp =

The heater inner surface temperatures between the first and forth potential taps and between adjacent
potential taps, 7,, T,;,, T, and T were also obtained by solving the steady one-dimensional heat
conduction equation in the test tube under the conditions of measured average temperature, T , and
surface heat flux of the test tube, ¢. The solutions for the inner and outer surface temperatures of the test
tube, T and Ty, were given by the steady one-dimensional heat conduction equation. The basic equation
for the test tube is as follows:

2
dT 1dT Q_

8
dr? rdr A (8)
then integration yields and the mean temperature of the test tube is obtained.
2 2
T(r):—%+Q2r; Inr+C )
I 27rT(r)dr (10)
r —r?

Generating heat in the tube is equal to the heat conduction and the test tube is perfectly insulated.
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The temperatures of the heater inner and outer surfaces, Ts and Ty, and C in Eq. (9) can be described as
follows:

()T qar 2] 2 R I T | B qr 13
T, =T(r)=T —4(r02_ﬁ2)22{4r0{r0[lnr0 2) r,(lnrI 2)} (r0 r,)} —2(r - )/1( - 2r Inr) (13)

- RS T ) RO T SRR | GO PR I /S o 14
To=T(r,)=T 4(r02_ri2)21{4r0{r0(lnr0 2) r,(lnrI 2}} (o r,)} 2(r02—ri2)/1(1 2Inry)  (14)

C:_'IT ﬁl}r { Z(Inro—%j—riz(lnri—%)}—(rj—rﬁ)} (15)

where T , g, 4, r; and r,, are average temperature of the test tube, heat flux, thermal conductivity, test tube
inner radius and test tube outer radius, respectively.

In case of the 6-mm inner diameter test sections, before entering the test tube, the test water flows through
the tube with the same inner diameter of the SUS304 test tube to form the fully developed velocity
profile. The entrance tube lengths, L., are given 333 mm (L./d=55.5). The values of L./d for d=6 mm in
which the center line velocity reaches 99 % of the maximum value for turbulence flow were obtained
ranging from 9.8 to 21.9 (1.50x10*<Re4<1.575x10°) by the correlation of Brodkey and Hershey [18] as
follows:

% = 0.693 Re * (16)
The inlet and outlet liquid temperatures, T, and T,y Were measured by 1-mm o.d., sheathed, K-type
thermocouples (Nimblox, sheath material: SUS316, hot junction: ground, response time (63.2 %): 46.5
ms) which were located at the centerline of the tube at the upper and lower stream points of 283 and 63
mm from the tube inlet and outlet points for the 6-mm inner diameter test section. The inlet and outlet
pressures, Piy and Pqy, Were measured by the strain gauge transducers (Kyowa Electronic Instruments
Co., Ltd., PHS-20A, Natural frequency: approximately 30 kHz), which were located near the entrance of
conduit at upper and lower stream points of 63 mm from the tube inlet and outlet points for d=6 mm inner
diameter test section. The thermocouples and the transducers were installed in the conduits as shown in
Fig. 2.

The inlet and outlet pressures, P;, and Py, for the 6-mm inner diameter test section were calculated from
the pressures measured by inlet and outlet pressure transducers, Py and Py, as follows:

L.
Pin = Fipt = {(Pipt)wnh - (Popt)wnh}prlLt (17)
ip op
Pout = Pin _(Pin - Popt)xﬁ (18)
opt

where Li=0.063 m and L,,=0.063 m for the 6-mm inner diameter one. Experimental errors are estimated
to be +1 K in inner tube surface temperature and +2 % in heat flux. Mass velocity, inlet and outlet
subcoolings, inlet and outlet pressures and exponential period were measured within the accuracy +2 %,
+1 K, +4 kPa and +2 %, respectively.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1. Experimental Conditions

Steady-state heat transfer processes on the SUS304 circular test tube of 6 mm inner diameter that caused
by the exponentially increasing heat inputs, Q.exp(t/z), were measured. The exponential periods, z, of the
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heat input ranged from 7.02 to 8.5 s. The initial experimental conditions such as inlet flow velocity, inlet
liquid temperature, inlet pressure and exponential period for the CHF experiment were determined
independently each other before each experimental run.

The experimental conditions were as follows:

Test Tube Number THD-F191 and THD-F196

Heater material SUS304

Surface condition Commercial finish of inner surface

Surface roughness 3.89 um for Ra, 21.42 um for Rmax and 15.03 um for Rz

Inner diameter (d) 6 mm

Heated length (L) 59.5and 59.7 mm

Effective Length (Let) 49.0 and 50.2 mm

Lo, Loz and Ly 16.5, 16.8 and 15.7 mm for THD-F191 and
16.8, 17.3 and 16.1 mm for THD-F196

L/d 9.92 and 9.95

Les/d 8.17 and 8.37

Wall thickness () 0.5 mm

Inlet flow velocity (u) 3.95 to 30.80 m/s

Inlet pressure (P;y) 785.01 to 966.89 kPa

Outlet pressure (Poy) 799.60 to 845.11 kPa

Inlet subcooling (ATsyp,in) 141.351t0 159.03 K

Outlet subcooling (ATsub out) 109.56 t0 134.41 K

Inlet liquid temperature (Ti,) 288.10t0 308.73 K

Exponentially increasing heat input (Q) Qoexp(t/7), =7.02 to 8.51 s
3.2. Steady-state Heat Transfer Characteristics
3.2.1. SUS304 test tube of 6 mm inner diameter

Figure 5 shows the typical time variations in the inlet and outlet pressures calculated by Egs. (17) and
(18), P;, and P, heat flux, g, and heater inner and outer surface temperatures, Ts and T, inlet liquid
temperature, T;,, outlet liquid temperature, Ty, flow velocity, u, and sound level meter signal, SLM, with
time for P,,=831.8 kPa, ATyin=150.9 K and u=10.0 m/s. The test tube was heated with an exponentially
increasing heat input with the period of 8.25 s. The heat flux becomes exponentially higher with an
increase in the heat input per unit volume and reaches a maximum value, Q¢ s, Which is named the CHF.
The inner surface temperatures are almost constant at first and increase with an increase in the heat input,
and those increase rate become lower for the boiling initiation. Those continue to increase up to the CHF
and rapidly increase at the point. The values of the lower limit of the heterogeneous spontaneous
nucleation temperature, Tyer, [19] and the homogeneous spontaneous nucleation temperature, Ty, [20] at
the pressure of 800 kPa are shown in the figure as the red allows for comparison. The inner surface
temperatures of the test tube at CHF with the flow velocity, u, of 10.0 m/s are 32.07 K higher and 22.65 K
lower than the Tyer and the Ty, respectively. The outer surface temperature of the test tube also increases
with an increase in the heat input and that at CHF becomes 282.97 K higher than the inner surface
temperature. These phenomena are also shown as plots of log q versus 10g ATs: (=Ts-Tsar) and AT sa
(=Tso-Tsa) in Fig. 7 mentioned later. The values of P;, and P, keep almost constant in the whole
experimental range, and they are not observed to oscillate violently near the CHF point so that they did in
the flow boiling heat transfer and CHF experiments for the platinum test tube of d=3 mm and L=66.5 mm
[12]. The boiling initiation noise signal, BI, was finally measured from the elapsed time of 53.64 s by the
sound level meter, SLM, although the real and faint sound wave for incipient boiling point would be
drown out from the circulation noise of the canned type circulation pump. The sound wave captured by
the microphone of the video camera, MP, with a picture was analyzed with applying wavelet methods
(Wavelet Toolbox, The MathWorks, Inc.) and FFT (Fast Fourier Transform) ones. The typical time
domains in the MP signals and the contour of various wavelet coefficients are plotted with time in Fig. 6.
The boiling initiation point signal and the CHF point one are almost regarded in the same light as those
for SLM as shown in Fig.5. The real and faint incipient boiling sound wave could not be made clear for
circulation pump noise in this work.
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Figure 7 shows typical examples of the heat transfer curves for the exponential period, z, of around 8.11 s
on the SUS304 test tube (THD-F191) of d=6 mm and L=59.5 mm with the rough finished inner surface
(Ra=3.89 um) at the inlet liquid temperature, 7;,, of 288.10 to 309.54 K and the flow velocities, u, of 3.95
to 30.80 m/s. At the flow velocities of 4.0, 6.9, 9.9 and 13.3 m/s (red, pink, green and sky-blue solid
lines), the heat flux gradually becomes higher with an increase in inner surface superheat, AT, (=T Tyar,
T,: heater inner surface temperature and T7,,: saturation temperature), on the non-boiling forced
convection curve derived from our correlation, Eq. (1), [1, 2] up to the point where the slope begins to
increase with heat flux following the onset of nucleate boiling. After that the heat flux increases along the
fully developed nucleate boiling curve on the graph up to the CHF, at which the transition to film boiling
occurs with the rapidly increasing of surface superheat. It is assumed that the transition to film boiling
would occur due to the liquid sub-layer dry-out models [17] suggested by Lee and Mudawar [21], Katto
[22] and Celata et. al. [23] but not due to the hydro-dynamic instability suggested by Kutateladze [24] and
Zuber [25]. At flow velocities of 17, 21 and 30 m/s (grey, blue and black solid lines), the heat flux
gradually becomes higher with an increase in AT, on the non-boiling forced convection curve derived
from our correlation, Eq. (1), up to the CHF, at which the transition to film boiling occurs on the non-
boiling forced convection curve. Although the violent boiling noise was made for a period of time before
the CHF point, the slope on the boiling curve does not increase with heat flux even following the onset of
nucleate boiling. It is assumed that the semi-direct transition from non-boiling regime to film boiling with
nucleate boiling would occur due to the heterogeneous spontaneous nucleation at the lower limit of the
heterogeneous spontaneous nucleation temperature even at the steady-state CHF but not due to the hydro-
dynamic instability and the liquid sub-layer dry-out models [26]. However the CHFs do not extremely
become lower than the values calculated from our CHF correlations, Eqgs. (3) and (5). The CHF and its
surface superheat become higher with an increase in flow velocity. The boiling initiation noise surface
heat fluxes and surface superheats at the Bl points, (¢s;, 4T5;), which were judged by SLM and the
wavelet coefficient in Fig. 7 are indicated with open circles with symbol colors in the figure. It is like the
signals that these are late from the real and faint incipient boiling sound wave because these heat fluxes at
BI points are a little higher than the turbulent heat transfer coefficients calculated from Eqg. (1). The fully
developed nucleate boiling curves for the flow velocity lower than 13.3 m/s and the heat transfer curves in
higher heat flux range for the flow velocity higher than 17 m/s agree with each other forming a single
straight line calculated from Eq. (19) on the log g versus log AT, graph.

q=CATS, =1.065x10°ATX? (19)

where C and n are coefficient and exponent, and equivalent to 1.065x10° and 1.2 respectively. The
correlation can almost describe the fully developed nucleate boiling curves for the flow velocity lower
than 13.3 m/s and the nucleate boiling curves in higher heat flux range for the flow velocity higher than
17 m/s, which were obtained on the SUS304 test tubes (THD-F191 and F196) of =6 mm and L=59.5 mm
with the rough finished inner surface at the outlet pressure of around 800 kPa in this work, within £30 %
differences under the wide range of flow velocities. The equation of incipient boiling superheat given by
Bergles and Rohsenow [27] is also shown in the figure for comparison.

0.463p0.0234
AT, =0.556| ————— 20

( sat )ONB [1082'31'156 ( )
where ¢ is the surface heat flux in W/m’, P is the system pressure in bar and AT,, is in K. The
corresponding curves derived from the correlations for fully developed subcooled boiling given by
Rohsenow [28] are also shown in Fig. 7 for comparison.

0.33 17
c, AT c
plA sat -C, q o ( p|ﬂ|] Q1)
hfg ﬂ|hfg (@2 — Py ) A

where the various fluid properties are evaluated at the saturation temperature corresponding to the local
pressure and Cy is a function of the particular heating surface-fluid combination. The value of n given by
Rohsenow correlation, Eq. (21), with Cy=0.03 is about 2.5 times larger than that of our correlation, Eq.
(19), on the log q versus log ATy, graph. The values of the lower limit of the heterogeneous spontaneous
nucleation temperature, Tyzr, [19] and the homogeneous spontaneous nucleation temperature, 7y, [20] at
the pressure of 800 kPa are shown in the figure for comparison. The inner surface temperature of the test
tube at CHF with the flow velocity, u, of 30 m/s is almost 143.13 and 88.41 K higher than the lower limit
of the heterogeneous spontaneous nucleation temperature and the homogeneous spontaneous nucleation
temperature, respectively.
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Figure 7 also shows the relation between the heat flux, ¢, and the outer surface temperature of the test
tube in the open air, Ty, on the log ¢ versus log ATy, su (=T~ Tyar) graph for the SUS304 test tube (THD-
F191) of d=6 mm and L=59.5 mm with the rough finished inner surface (Ra=3.89 um) with the
exponential period of 8.11 s at the flow velocities of 4.0, 6.9, 9.9, 13.3, 17, 21 and 30 m/s (red, pink,
green, sky-blue, grey, blue and black one dot broken lines). The values of Ty, are derived from our
correlation, Eq. (14). And the outer surface temperatures of the test tube, Ts,, were continuously measured
in the time interval of 3 seconds by an infrared thermal imaging camera (ITIC). These experimental data
for the flow velocities of 4.0, 9.9, 21 and 30 m/s are shown as solid circles with each symbol color in the
figure. These outer surface temperatures were almost 8 % lower than the values calculated from Eq. (14)
for each heat flux in the whole velocity, although the infrared thermal imaging camera has the accuracy of
+2 % of reading. The color temperatures of outer surface of the test tube in the open air have been
observed by a video camera (VC) and the typical photographs at each CHF point are shown in Fig. 8 for
flow velocities of 4, 9.9, 21 and 30 m/s. The color temperature of outer surface of the test tube at the flow
velocity of 30 m/s would reach up to around 1173 K because the test tube begins to be shining white. The
outer surface temperature becomes very high at the CHF. It is assumed from these facts that the CHFs on
the SUS304 test tube would explicitly occur due to the heterogeneous spontaneous nucleation with
combinations of non-boiling forced convection heat transfer and heterogeneous spontaneous nucleation
temperature in independence of surface conditions such as surface roughness and surface wettability for
the flow velocity higher than 17 m/s [26]. Cavities of submicron sizes from which bubble nucleation can
occur at high surface superheat and heat flux would exist but not sufficient in their numbers to flatten the
temperature gradient near the heated surface through the bubble motion and the latent heat transport.
Therefore, the nucleate boiling heat transfer for higher flow velocity would be like the non-boiling forced
convection one.

Under the vertical test tubes in this work, the effects of the flow velocity on boiling initiation noise
surface superheat, ATg,, heater inner surface superheat, ATs: (=Ts-Tsa), at the CHF point, (ATgy)er and
heater outer surface superheat, AT o (ETso-Tsar), at the CHF point, (ATssat)er, fOr the vertical SUS304
tube of d=6 mm was represented versus the flow velocity, u, in Fig. 9. The values of ATg (A, A and A),
(ATsa)er (m, m and m) and (ATsosar)er (0, 0 and o) for vertical SUS304 test tube of d=6 mm in this work
become linearly higher with an increase in the flow velocity for the flow velocities ranging from 3.95 to
30.80 m/s, respectively. These values can be expressed by the following correlations:

ATy, =6.87u%% for ATg (22)
(ATgat Jor = 27.63u%° for (ATsat)cr (23)
(ATgosat Jor =125u°° for (AT s sat)er (24)

It is contemplated especially in case of this vertical SUS304 test tube that the values of (ATsa)cr, (m, m and
m), would become linearly higher with an increase in the flow velocity from around the lower limit of
heterogeneous spontaneous nucleation temperature due to a combination between surface conditions of
test tubes. The discrepancy between surface conditions such as surface roughness and surface wettability
would play an important role in nucleate boiling heat transfer at the CHF points. The values of (AT sat)cr,
(o, o and o), for vertical SUS304 test tube of d=6 mm in this work also become linearly higher with an
increase in the flow velocity for the flow velocities ranging from 3.95 to 30.80 m/s. These values of
(ATsar)er and (AT o sat)er, (m and o) for SUS304 test tube (THD-F196) become T=494.27 and Ts,=712.44 K
at u=4 m/s, T,=556.11 and T,=839.08 K at u=9.9 m/s, T,=591.97 and T,,=980.38 K at u=21 m/s and
Ts=667.20 and T4=1170.93 K at u=30 m/s, respectively. The effects of flow velocity on the values of
boiling initiation noise surface heat flux and steady-state critical heat flux, gg; and Qe sun,st, fOr the vertical
SUS304 tubes of d=6 mm were represented versus the flow velocity, u, in Fig. 10. The values of the gg
can be expressed by the following correlation and those of the qcsun st CaN be done by Eq. (4) for the flow
velocity lower than 13.3 m/s and by Eq. (5) for the flow velocity higher than 13.3 m/s:

Qg =1.2x10%u™?’ for Qg (25)

It is assumed from these facts as shown in Figs 9 and 10 that the margins up to the CHF points would not
be in enough existence at the boiling initiation noise points for the flow velocities higher than 13.3 m/s.

Figure 11 shows the steady-state CHFS, Qcrsunst, VErsus the outlet subcoolings, ATgy o, TOr the vertical
SUS304 circular test tube of the inner diameter (d=6 mm), the heated length (L=59.5 mm), L/d (=9.92)
and the wall thickness (6=0.5 mm) obtained for the flow velocities, u, ranging from 3.95 to 30.8 m/s at
the outlet pressure, Py, of around 800 kPa. The CHF data for the vertical SUS304 test tubes of d=6 mm,
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L=59.5 and 66 mm, L/d =9.92 and 11 and 6=0.5 mm with the flow velocities ranging from 4.0 to 40 m/s
are also shown in the figure for comparison [3, 11, 14]. As shown in the figure, the Q¢ sun.st fOr €ach flow
velocity become higher with an increase in ATg o and the increasing rate becomes lower for higher
AT out- The CHFs in the whole experimental range become higher with an increase in the flow velocity
at a fixed ATqpou. The curves given by Egs. (2) and (3) for the vertical SUS304 circular test tube are
shown in Fig. 11 at each flow velocity for comparison. The CHF data for ATg;0,:230 K are in good
agreement with the values given by the correlations. Equations (2) and (3) were derived based on the
experimental data for the vertical SUS304 test tube with the flow velocities ranging from 4 to 13.3 m/s
and ranging from 17 to 40 m/s respectively. To confirm the applicability of Egs. (2) and (3) to the data for
the flow velocity of 4 to 40 m/s, the ratios of these CHF data to the corresponding values calculated by
Egs. (2) and (3) are shown versus ATgy o I Fig. 12. Most of the data for the vertical circular test tube
(266 points) [3, 11, 14] and the current data (47 points) are within £15 % differences for 3.95 m/s<u<40
m/s and 109.56 K<ATy, 0<134.41 K. It can be considered that the CHFs are determined not by the outlet
conditions but by the inlet ones. The steady-state CHFS, qcrsun.st, TOr the vertical SUS304 circular test tube
of the inner diameter of 6 mm, L=59.5 mm, L/d=9.92 and 6=0.5 mm were shown versus the inlet
subcooling, ATgyin, With the flow velocities of 4 to 13.3 m/s in Fig. 13. The CHF data for the vertical
SUS304 test tube of d=6 mm, L=59.5 and 66 mm, L/d =9.92 and 11 and 6=0.5 mm with the flow
velocities ranging from 4.0 to 40 m/s are also shown in the figure for comparison [3, 11, 14]. The Qcr.subst
for each flow velocity become higher with an increase in ATy .. The increasing rate becomes also lower
for higher ATgyp in. The Qersunst iINCrease with an increase in the flow velocity at a fixed ATgypin. The Oer.subst
for the wide range of flow velocities are proportional t0 ATy >’ for ATy in>40 K. The curves derived
from Egs. (4) and (5) for the vertical SUS304 circular test tube are shown in Fig. 13 for comparison. The
CHF data for AT,;;>40 K are in good agreement with the values given by authors’ correlation. To
confirm the applicability of Egs. (4) and (5), the ratios of these CHF data for the d=6 mm vertical circular
test tube (266 points) [3, 11, 14] and those for the @=6 mm current one (47 points) to the corresponding
values calculated by Eqgs. (4) and (5) are shown versus A7, ;, in Fig. 14. Most of the data for AT, ;,>40
K are within +15 % differences of Egs. (4) and (5) for 3.95 m/s<u<40 m/s and 141.35 K<ATg,i»<159.03
K.

To confirm the margins up to the CHF points at the boiling initiation noise points for the flow velocity of
4 to 30.8 m/s, the ratios of the BI surface heat flux data to the CHF data and the values derived from the
outlet CHF correlations and those of the Bl surface heat flux data to the CHF data and the values derived
from the inlet CHF correlations are shown versus u for outlet subcooling, AT, and inlet subcooling,
ATsuin, In Figs. 15 and 16, respectively. These ratios of gg, t0 Qersunst fOr the vertical SUS304 circular test
tube of the inner diameter of 6 mm were made a comparison between the following correlation:

81 _ 0181095 for ratio of Qg t0 Ger sub.st (26)
qcr,sub,st
It was able to be also confirmed from these figures that the margins up to the CHF points at the boiling
initiation noise points would not be in enough existence for the flow velocity higher than 13.3 m/s in the
same way as Figs 9 and 10.

4. CONCLUSIONS

The subcooled boiling heat transfer and the steady-state critical heat flux (CHF) in a vertical circular tube
for the flow velocities (U=3.95 to 30.80 m/s) were systematically measured. The SUS304 test tube of
inner diameter (d=6 mm) and heated length (L=59.5 mm) was used in this work. The boiling initiation
noise of outer surface of the test tube in the open air was simultaneously measured up to CHF point by the
sound level meter (SLM) and the microphone of a video camera (MP). The outer surface temperatures of
the SUS304 test tube with heating were also observed by an infrared thermal imaging camera (ITIC) and
the color temperatures of outer surface of the test tube in the open air were observed by a video camera
(VC). Experimental study results lead to the following conclusions.

1) At the flow velocities 0of 4.0, 6.9, 9.9 and 13.3 m/s, the transition to film boiling would occur due to the
liquid sub-layer dry-out models.

2) At the flow velocities of 17, 21 and 30 m/s, the semi-direct transition from non-boiling regime to film
boiling with nucleate boiling would occur due to the heterogeneous spontaneous nucleation at the lower
limit of the heterogeneous spontaneous nucleation temperature even at the steady-state CHF.
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3) The boiling initiation noise surface superheat, A7%;, heater inner surface superheat at the CHF point,
(ATy.,).r, and heater outer surface superheat at the CHF point, (47, ), fOr the vertical SUS304 tube
of d=6 mm can be expressed by Egs. (22) to (24).

4) Most of the steady-state CHF data for SUS304 circular tube of =6 mm at high liquid Reynolds
number with 3.95 m/s<u<30.8 m/s (47 points) are within 15 % differences of Egs. (2) and (3) for
109.56 K<AT 5 0:<134.41 K and within £15 % differences of Egs. (4) and (5) for 3.95 m/s<u<30.8 m/s
and 141.35 K<AT,p,,,<159.03 K.

5) The ratios of the BI surface heat flux data for the vertical SUS304 circular test tube of =6 mm to the
CHF data and the values derived from the outlet and inlet CHF correlations, ¢g/qc;.sus.s» Were made a
comparison between Eq. (26). The margins up to the CHF points at the boiling initiation noise points
would not be in enough existence for the flow velocity higher than 13.3 m/s.

NOMENCLATURE
Bo =0q/Ghyy, boiling number Rz mean roughness depth, um
BOcr  =0er sunst/Ghyg, boiling number at CHF point test tube inner radius, m
test tube inner diameter, m Lo test tube outer radius, m
G =pu, mass velocity, kg/m S T average temperature of test tube, K
hig latent heat of vaporization, J/kg Tiav  average liquid temperature, K
heated length, m Tin inlet liquid temperature, K

Lest effective length, m TL =(TintTow)/2, liquid bulk mean
Nug  =hd/A4, nusselt number temperature, K
Pin pressure at inlet of heated section, kPa Tout outlet liquid temperature, K
Pipt pressure measured by inlet pressure (Towear  Calculated outlet liquid temperature, K

transducer, kPa T, heater inner surface temperature, K
Pout pressure at outlet of heated section, kPa Tsat saturation temperature, K
Popt pressure measured by outlet pressure Tso heater outer surface temperatures, K

transducer, kPa T.av  average inner surface temperature, K
Pr =Cpud A, Prandtl number AT =(Tsa-TL), temperature difference between
Q heat input per unit volume, W/m® average inner surface temperature and
Qo initial exponentlal heat input, W/m® liquid bulk mean temperature, K
q heat flux, W/m? ATse  =TsTga, inner surface superheat, K
Qer subst stead}/ -state CHF for subcooled condition, ATgys =Ts-Tsq, OUter surface superheat, K

W/m u flow velocity, m/s

Ra average roughness, um £ emissivity
Rey =Gd/ 4, Reynolds number M viscosity, Ns/m?
Rmax maximum roughness depth, um L viscosity at tube wall temperature, Ns/m?
ACKNOWLEDGMENTS

This research was performed as a LHD joint research project of NIFS (National Institute for Fusion
Science), Japan, NIFS13KEMF054, 2014.

REFERENCES

1. K. Hata and N. Noda, “Turbulent Heat Transfer for Heating of Water in a Short Vertical Tube,”
Journal of Power and Energy Systems, 2, No. 1, pp. 318-329 (2008).

2. K. Hata, Y. Shirai, S. Masuzaki, and A. Hamura, “Computational Study of Turbulent Heat Transfer
for Heating of Water in a Short Vertical Tube under Velocities Controlled,” Nuclear Engineering and
Design, 249, pp. 304-317 (2012).

3. K. Hata, M. Shiotsu and N. Noda, "Critical Heat Fluxes of Subcooled Water Flow Boiling against
Outlet Subcooling in Short Vertical Tube," Journal of Heat Transfer, Trans. ASME, Series C, 126, pp.
312-320 (2004).

4. K. Hata, H. Komori, M. Shiotsu and N. Noda, "Critical Heat Fluxes of Subcooled Water Flow Boiling
against Inlet Subcooling in Short Vertical Tube," JSME International Journal, Series B, 47, No. 2, pp.
306-315 (2004).

5. K. Hata and N. Noda, “Thermal Analysis on Flat-Plate Type Divertor Based on Subcooled Flow
Boiling Critical Heat Flux Data against Inlet Subcooling in Short Vertical Tube,” Journal of Heat

NURETH-16, Chicago, IL, August 30-September 4, 2015 4807



Transfer, Trans. ASME, Series C, 128, pp. 311-317 (2006).
K. Hata, M. Shiotsu and N. Noda, “Thermal Analysis on Mono-Block Type Divertor Based on
Subcooled Flow Boiling Critical Heat Flux Data against Inlet Subcooling in Short Vertical Tube,”
Plasma and Fusion Research, 1, No. 017, pp. 1-10 (2006).

7. K. Hata, M. Shiotsu and N. Noda, "Critical Heat Flux of Subcooled Water Flow Boiling for High L/d

Region," Nuclear Science and Engineering, 154, No. 1, pp. 94-109 (20006).

8. K. Hata, M. Shiotsu and N. Noda, "Influence of Heating Rate on Subcooled Flow Boiling Critical Heat

9.

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.
21.
22.
23.
24.
. N. Zuber, “Hydrodynamic Aspects of Boiling Heat Transfer,” AECU-4439, USAEC (1959).
26.
27.
28.

Flux in a Short Vertical Tube," JSME International Journal, Series B, 49, No. 2, pp. 309-317 (2006).
K. Hata, M. Shiotsu and N. Noda, “Influence of Test Tube Material on Subcooled Flow Boiling
Critical Heat Flux in Short Vertical Tube,” Journal of Power and Energy Systems, 1, No. 1, pp. 49-63
(2007).

K. Hata and N. Noda, "Transient Critical Heat Fluxes of Subcooled Water Flow Boiling in a Short
Vertical Tube Caused by Exponentially Increasing Heat Inputs," Journal of Heat Transfer, Trans.
ASME, Series C, 130, pp. 054503-1-9 (2008).

K. Hata and S. Masuzaki, “Subcooled Boiling Heat Transfer in a Short Vertical SUS304-Tube at
Liquid Reynolds Number Range 5.19x10* to 7.43x10°,” Nuclear Engineering and Design, 239, pp.
2885-2907 (2009).

K. Hata and S. Masuzaki, “Subcooled Boiling Heat Transfer for Turbulent Flow of Water in a Short
Vertical Tube,” Journal of Heat Transfer, Trans. ASME, Series C, 132, pp. 011501-1-11 (2010).

K. Hata and S. Masuzaki, "Influence of Heat Input Waveform on Transient Critical Heat Flux of
Subcooled Water Flow Boiling in a Short Vertical Tube," Nuclear Engineering and Design, 240, pp.
440-452 (2010).

K. Hata and S. Masuzaki, "Critical Heat Fluxes of Subcooled Water Flow Boiling in a Short Vertical
Tube at High Liquid Reynolds Number," Nuclear Engineering and Design, 240, pp. 3145-3157
(2010).

K. Hata, Y. Shirai and S. Masuzaki, “Heat Transfer and Critical Heat Flux of Subcooled Water Flow
Boiling in a Horizontal Circular Tube,” Experimental Thermal and Fluid Science, 44, pp. 844-857
(2013).

K. Hata, K. Fukuda and S. Masuzaki, “Transient Critical Heat Fluxes of Subcooled Water Flow
Boiling in a SUS304-Circular Tube caused by a Rapid Decrease in Velocity from Non-Boiling
Regime,” Proceedings of the 22" International Conference on Nuclear Engineering, July 7-11, 2014,
Prague, Czech Republic, Paper No. ICONE22-30027, pp. 1-12 (2014).

K. Hata, K. Fukuda and S. Masuzaki, “Mechanism of Subcooled Water Flow Boiling Critical Heat
Flux in a Circular Tube at High Liquid Reynolds Number,” Proceedings of the 10™ International
Topical Meeting on Nuclear Thermal-Hydraulics, Operation and Safety (NUTHOS-10), December
14-18, 2014, Okinawa, Japan, Paper No. NUTHOS10-1032, pp. 1-15 (2014).

R.S. Brodkey and H.C. Hershey, Transport Phenomena, McGraw-Hill, New York, p. 568 (1988).

C. Cole, "Homogeneous and heterogeneous nucleation in Boiling Phenomena," Vol. 1, Stralen, S.
van, and Cole, R. eds., Hemisphere Pub. Corp., New York, p. 71(1979).

J.H. Lienhard, "Correlation of Limiting Liquid Superheat," Chem. Eng. Science, 31, pp. 847-849
(1976).

C.H. Lee, and I. Mudawar, “A mechanistic critical heat flux model for subcooled flow boiling based
on local bulk flow conditions,” International Journal of Multiphase Flow, 14, pp. 711-728 (1988).

Y. Katto, "A physical approach to critical heat flux of subcooled flow boiling in round tubes,"
International Journal of Heat and Mass Transfer, 33, No. 4, pp. 611-620 (1990).

G.P. Celata, M. Cumo, A. Mariani, M. Simoncini and G. Zummo, "Rationalization of existing
mechanistic models for the prediction of water subcooled flow boiling critical heat flux,"
International Journal of Heat and Mass Transfer , 37, suppl. 1, pp. 347-360 (1994).

S.S. Kutateladze, “Heat Transfer in Condensation and Boiling,” AEC-tr-3770, USAEC (1959).

A. Sakurai, M. Shiotsu, K. Hata and K. Fukuda, "Photographic study on transitions from non-boiling
and nucleate boiling regime to film boiling due to increasing heat inputs in liquid nitrogen and water,"
Nuclear Engineering and Design, 200, pp. 39-54 (2000).

A.E. Bergles, and W.M. Rohsenow, "The Determination of Forced-Convection Surface-Boiling Heat
Transfer," Journal of Heat Transfer, Trans. ASME, Series C, 86, pp. 365-372 (1964).

W.M. Rohsenow, "A Method of Correlating Heat-Transfer Data for Surface Boiling of Liquids,"
Transactions of ASME, 74, pp. 969-976 (1952).

NURETH-16, Chicago, IL, August 30-September 4, 2015

4808



Electromagnetic

‘Water Valve
ot A O
Liassaaasy Liquid
Pressurizer Temp.
— Heater Controller
storage = Pressure
Gauge
evel Nitrogen Gas
! Heater
< Test Section
Expansion
+ + + + +
Tank and Test Tube:
Separator
-> - - - - -
Coolin
Water
By-pass Loop
2mm 3mm | 6mm 9mm | 12mm
Inner
Diameter
—
Drainage Pre Heater Degassing Flow direction
oxygen |
Flow Meter Meter | Equipment —

loop.

*[TIC
«VC+MP cu
-SLM

ot N

I Flow direction

1 1st Potential tap
2 2nd Potential tap
3 3rd Potential tap
4 4th Potential tap

(T): Thermocouple
(P): Pressure Gauge

Cu :Copper-electrode-plate

BL : Bakelite

L+566

Heat Input Control Block

Heat Input
b signal

Elect romic

Power
Shut off

Signal

Shut off
Temperature

I‘.‘an\rvmr

Fig. 3 SEM photograph for the SUS304 test

Fig. 2 Vertical cross-sectional view of 6-mm inner
diameter test section.

tube of d=6 mm with the rough finished inner Fig. 4 Measurement and data processing system.
surface. o , e
g Bl point CHF poi
o 04 poin point
glo JI"_"D_IFlIgd T T T T | Ill T T il | T lgloo(f)‘/\ 900 ‘2 g ;
SF8445 i 3 =
= | sus3o4 P S 1 Edsoo £
) I—d=6-tm- m Ly 4100 \% hel
= 8 1.=59.7 mm Poue Tso, E g 700 g
2 | Lid=9.95 1 = o £ |
é 6l P,u=831.78 kPa /// q/,/"! i Ti 600|_‘7’ < 10°
s ATgyp ;15097 K,/ .~ ! oo -
< I u=10.006 m/s ST i 3 00, 3 ”
L | 1=8.248s o7 ) : 3 = ..%_J
S - ] £ 8
§ . CHF})omt _:1 400'— E
~= 2k E g
g T 300 g
~ N
d‘_ 1 1 :
Q o1 3200 -

time (s)

Fig. 5 Typical time variations in Pi,, Pou, 0, Ts,
Tsor Tiny Tou, U @and SLM signals for P,,=831.8

kPa, ATgin=150.9 K, u=10.0 m/s and 7=8.25s. 7=8.25s.

NURETH-16, Chicago, IL, August 30-September 4, 2015

time

Fig. 6 Typical time domains in MP signals and
the contour of various wavelet coefficients for
Pout=831.8 kPa, ATy i»=150.9 K, u=10.0 m/s and

4809



Alos - T T T P rrrry T T T AL | L a4 T T L T T T LU | T T T LI
< - | Experimental Data / 6 = | Experimental Data ]
S [ | THD-F191 / +30%[ | THD-F191 ]
E L | SUS304 Tube ) 4| SuUs304 Tube Y
= | d=6 mm 4| d=6 mm A
| | L=59.5 mm 1| L=595mm B 'A’l ] BICHF u
L/d=9.92 L/d=9.92 . ;;§ ok 40ms
| P, =800 kPa 1| P,,=800 kPa L8 4 o heoms
| | T;,=288.10-309.54 K Ti,=288.10-309.54 K el O 4 9.9m/s
1=8.11s ; , = i 13.3 m/s
oI - 992 e a7 Ao d17nms
i ! 4 © 4 21mis
- J o 4 30ms
JITICT, T u
] ——=40m/s
“““ | —— = =6.9m/s
- / / 4 ——-99mis
- -Eq (1) /7, ) 13.3 m/s
(|~ Toer T 1 — —-17ms
__E:]'Sz g 1 / HET 'H ® — -—=21m/s
. Eq. (21) with ¢'=0.03 L, | | e — —-30ms
10 T T TZTIT ! Lol ! ! Lol ! Lol ! Lo
1 10 10? 10 102
A-I-sat—Ts‘Tsat (K) A-I—so,sat—-rso'Tsat (K)

Fig. 7 Typical heat transfer processes on the THD-F191 SUS304 test tube of d=6 mm and L=59.5 mm
with the rough finished inner surface for =around 8.02 s with »=4 to 30 m/s, outer surface
temperatures of the test tube calculated from Eq. (14) and observed by an infrared thermal imaging
camera (ITIC).

Experimental Data
THD-F196
SUS304 Tube
% d=6 mm
M L=59.7 mm
L/d=9.95
Pou=800 kPa
§ Tin=288.10-298.96 K
ASF8440 (e sup=1.74%10" W/m* 4 7=8.10 s
ATe=50.70 K, T:=494.27 K : :
AT0,52=268.84 K, T,=712.44 K
u=4.0 m/s NSF8445 (ler 5uy=2.86%10" W/m?
ATx=119.51 K, T=563.08 K
ATg0,5a=441.52 K, T5,=885.09 K
u=9.9 m/s ASF8456 (e sup=3.63%10" W/m?
AT=148.40 K, T¢=591.97 K
AT0,5a=536.81 K, T5,=980.38 K
u=21m/s ASF8464 (. sp=5.22x10" W/m*
AT=223.63 K, T:=667.20 K
ATs0,5at=727.36 K, T5,=1170.93 K
u=30 m/s

Fig. 8 Typical photographs for color temperatures of outer surface of the test tube at CHF point
observed by a video camera (\VVC).

8
1000: T T 1 T T T T T T T Experimental Data 10 FoT

(2 : A 15oFe™ E Experi 1D
é L ‘ (ATso sat)cr$ E‘Q’ \ - d=6 n-1m — - SBeSg(r)]le'lljttfll)e o

~ 400+ i - i —| L=59.5 mm N - ] THD-F191
<0 LG | | d=s.02 £ i i d=6 mm

bt @ i i Pot=800 kPa ; | L=59.5 mm

3 200l ‘ i | Ti,=295.22-309.54 K > B i 1/d=9.92
-  (ATeder | ATgin=150 K p | Pou=800 kPa
9 sat/cr T A B1 = i Tin=295.22-309.54 K
N ‘ H BB (ATe) ER. ATy =150 K

& 100—***:*** - - - - 0O O (ATgsat)er S’ 10 - : - = Os1
,?E THEF 1 Tho-F106 c{ = i Cer subst
= ey 8 | i domm

=29./ mm | =6 mm

2 40 ATB, ~ Ud=9.95 R i L=50.7 mm

& i 1 P Bos 06 k i i 1.2x10Put7 | 1 F %00 ke

o i _ 0.96 in=288.10-298. T— Qg =1.2x10u | out™= a
= B — ATBI 6. 37U | ATwmn=150 K N ! | Th=288.10-208.96 k
9 20 A KATsa,)crf27 63u’® ACRTy, ! Eq. (4) >< Eq. (5)‘ AT4pin=150 K

T ( S0, sat)mr_125u05 E (2%3‘)” I I ﬁ Ge1
10 PR B B A [ B R (ATsosat)er 106 TR B A | ! TR B R Ger subst
5 10 50 100 5 10 50 100
u (m/s) u (m/s)
Fig. 9 Values of ATg), (ATsa)er and (ATso sat)er Fig. 10 Values of dg and dcr,sup,st Versus u for

versus u for vertical SUS304 test tubes of d=6 mm.  Vertical SUS304 test tubes of d=6 mm.

NURETH-16, Chicago, IL, August 30-September 4, 2015 4810



60— T 5
55E 225304 Outlet subcooling E
— 505_ d= FCurrent Studh
< 45EL 3 d=6mm
= 40=_L 3 L=59.5mm
= CEP 1 Ud=9.92
S 35 < Po,=800 kPa
~ Fo = u
e 30E. q o 40mis
z 25;—i H ¢ 69 m;s
5 E 4 ~ 99mis
c 205"" 3 »~ 133m/is
15E° o 4 0 17mis
= “ée ° 6 3 = 21m/s
1055 38 g],'lggoi -~ Eq () L=66 mm & 9.9m/s 3 25 mls
5 — Eq (3) Yol 4 133misg v 30mis
E . . 1 Lo f I N 3 40 m/s
0 50 100 150

ATsub,out (K)

Fig. 11 Qersunst VS- ATsuout TOr an inner diameter of
6 mm with the heated length of 59.5 mm at an

outlet pressure of around 800 kPa.

60: — T T T [ T T T T T T T
55F 228304 Inlet subcooling 40!
E g= . JCurrent Study|
50F d=6 mm 1 praf i
< 45E Lisen 25, 3 L=505mm
E 40E b ooy o1l 3 Ld=9.92
= 40F P;=735.2-1181.5 kPa '3 p2785.0-
g 35F 170 3 " 966.9 kPa
E u . 3 u
= 30Fo 40mss 34 o s0mhs
3 o5Ee 69m§s -99' 3 . goms
S Ea 99 [ .
S 20Es 135m 69, 3 4 99 mis
Eo 17 mis, - b3 13.3m/s
15Ee 51 s - - P e 17mis
Ev 5ms - o -0 _-% a6 mm © 40ms 3 = 21mis
1g§<'> S0 228 - g () L=semmy $3M 25 mis
<O 40m/s™ —Eq. (5 L/d=11 i S v m/s
=S T R R R N R S N qu ( |) Lo ﬂ 13|'3 nIT]/S: 40 m/s
0 50 100 150
ATsub.in (K)

Fig. 13 Qersunst VS ATsupin fOr an inner diameter of
6 mm with the heated length of 59.5 mm at an inlet

pressures of 785.01 to 966.89 kPa.
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Fig. 12 Ratios of CHF data for the inner diameter
of 6 mm to the values derived from the outlet CHF
correlation versus ATy o at outlet pressure of

around 800kPa.
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Fig. 14 Ratios of CHF data for the inner diameter
of 6 mm to the values derived from the inlet CHF
correlation versus ATy s at the inlet pressures of

785.01 to 966.89 kPa.
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Fig. 15 Ratios of Bl data for the inner diameter of

6 mm to the CHF data and the values

derived from

the outlet CHF correlation versus u at outlet

pressure of around 800kPa.
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Fig. 16 Ratios of Bl data for the inner diameter of
6 mm to the CHF data and the values derived from
the inlet CHF correlation versus u at the inlet

pressures of 785.01 to 966.89 kPa.
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