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ABSTRACT

The turbulent heat transfer, the subcooled boiling heat transfer and the steady state CHF for a Pt-circular test
tube of a 3 mm inner diameter and a 32.7 mm heated length are measured with a wide range of inlet
subcooling and flow velocity at high liquid Reynolds number, i.e. Re,/~2.35x10* to 1.12x10°. For flow
velocities ranging from 4.103 to 21.446 m/s, the inner surface temperature of the Pt circular test tube
calculated by the steady one-dimensional heat conduction equation is compared with the value obtained from
our turbulent heat transfer correlation equation and the numerical solution of the RANS equation (Reynolds
mean Navier-Stokes simulation) of the k-& turbulence model. The conduction sub-layer thicknesses from the
non-boiling region to CHF are measured in the conduction sub-layer itself in the forced convection region
and the thinner sub-layer dissipated by boiling evaporation in the nucleate boiling region. The
nondimensional thicknesses of local and average conductive sub-layers and, the thicknesses and
nondimensional thicknesses 0Of local and average viscous sub-layers on forced convection are estimated from
the thicknesses of local and average conductive sub-layers and Prandtl numbers evaluated at the calculated

temperature of the first control volume on the heated surface. In addition, the thickness of the conductive
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sublayer at the CHF point is estimated from measurements at various flow velocities. The experimental
values of the CHF are also compared with authors’ widely and precisely predictable correlations of critical
heat flux during flow boiling of subcooled water and the corresponding theoretical values of the liquid sub-
layer dry-out models suggested by other researchers, respectively. The authors’ correlations and other
researchers’ theoretical values can represent the subcooled boiling CHFs obtained in this study within the
ranges of -22.74 to -6.21% difference and -22.17 to 6.16 % one, respectively. Proposals for the main
mechanism of critical heat flux during flow boiling of subcooled water on vertical tubes are confirmed again
at high liquid Reynolds numbers based on experimental data. The boiling transitions to film boiling at the
subcooled water flow boiling in the Pt test tube of =3 mm and L=32.7 mm is not due to heterogeneous
spontaneous nucleation or hydro-dynamic instability, but to liquid sub-layer dry-out model at the steady-
state CHF. It is similar to those for the Pt test tubes with =3 mm and L=66.5 mm, and ¢=3 mm and L=100

mm.
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Conductive sub-layer, Viscous sub-layer, Prandtl number, Mechanism of critical heat flux, Circular tube,

High liquid Reynolds number, Liquid sub-layer dry-out model

1. INTRODUCTION

The knowledge of turbulent heat transfer and subcooled boiling heat transfer at high liquid Reynolds number
is important to discuss the conductive and viscous sub-layers and the mechanisms of subcooled flow boiling
critical heat flux (CHF) in a vertical circular tube. Many researchers have experimentally studied the steady
state CHFs, ¢..qu.s» uniformly heated on the normal tubes by a steadily increasing current for high liquid
Reynolds number and given the correlations for calculating CHFs on the normal tubes. It has been clarified
that the Qer sub.st 2gaINSt AT out FOr ATgus,0i>30 K are almost proportional to d®* and u®* for fixed AT o, and
L/d, to (ATsus0u)™" for a fixed L/d and to (L/d)** for a fixed ATgypsou. ANd, the Gersus.st are also proportional to
u®* for the experimental data at u>13.3 m/s. The authors 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 (ATsy e @nd ATy in) and ratio of heated length to inner diameter (L/d) on CHF
[1-11]. It has been assumed that flow velocity will affect the incipient boiling superheat and the nucleate
boiling heat transfer up to the CHF. Incipient boiling 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 [9-12] but not due to the hydro-
dynamic instability [13, 14] or the liquid sublayer dry-out model [15-17]. To clarify the change in CHF
generation mechanism, accurate experimental measurement of subcooled boiling heat transfer up to CHF is

required.

The purpose of the current research is fivefold. First is to measure the turbulent heat transfer, the subcooled
boiling heat transfer and the steady state CHFs for a Pt-circular test tube of a 3 mm inner diameter and a 32.7
mm heated length with a wide range of inlet subcoolings (A7,;;,) and flow velocities (x) at high liquid
Reynolds number. Second is to compare the inner surface temperature of the Pt-circular test tube calculated
by the steady one-dimensional heat conduction equation with the turbulent heat transfer correlation for the
flow velocities ranging from 4.103 to 21.206 m/s. Third is to estimate the nondimensional thicknesses of
local and average conductive sub-layers and, the thicknesses and nondimensional thicknesses of local and
average Viscous sub-layers on forced convection from the thicknesses of local and average conductive sub-
layers and Prandtl numbers evaluated at the calculated temperature of the first control volume on the heated
surface. Fourth is to measure the thicknesses of conductive sub-layer from non-boiling regime to CHF by
numerically analyzing the subcooled flow boiling heat transfer on a Pt-circular test tube of a 3 mm inner
diameter and a 32.7 mm heated length. Fifth is to confirm again proposals for the main mechanism of critical
heat flux during flow boiling of subcooled water on vertical tubes at high liquid Reynolds numbers based on

experimental data.

2. EXPERIMENTAL APPARATUS AND METHOD

The schematic diagram of the experimental setup comprised of a water loop and a 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 with inner diameters of 2, 3, 6, 9, and 12 mm. The test section is oriented vertically to allow the

water to flow upward. For this work, a 3 mm inner diameter test section was used.

Figure 2 shows a cross-sectional view of the 3 mm inner diameter test section used. For this work, a 3 mm
inner diameter test tube inner diameter (d), a 32.7 mm heated length (L), and a commercially available
internally finished (CF) for platinum (Pt) test tube was used. The wall thickness of the test tube (5) was 0.5
mm. 5 mm thick silver-plated copper electrode plates to supply the heating current were soldered to the
surfaces at both ends of the test tube. The ends of the test tube were electrically isolated from the loop by a
14 mm thick Bakelite plates. The inner surface of the test tube was observed with a scanning electron
microscope (SEM) photograph and inner surface roughness was measured by the surface texture measuring
instrument (SURFCOM 120A) of Tokyo Seimitsu Co., Ltd., (Mitaka, Tokyo, Japan). Figure 3 shows the
result of SEM photograph of the inner surface of platinum (Pt) test tube of d=3 mm with the commercial
finish of inner surface. The inner surface roughness is measured 0.40 um for average roughness, Ra, 2.20 um

for maximum roughness depth, Rmax, and 1.50 um for mean roughness depth, Rz.

The platinum (Pt) test tube has been heated with an exponentially increasing heat input supplied from a
direct current source (Takasago Ltd., Kawasaki, Kanagawa, Japan, NL035-500R, DC 35 V-3000 A) through
the two copper electrodes shown in Fig. 4. Heat transfer process caused by a exponentially increasing heat
input, Qo exp(t/z), were measured for the platinum test tube. The exponential periods, z, of the heat input
ranged from 7.79 s to 25.95 s. In CHF, the average temperature of the test tube rises rapidly. When the
measured average temperature rose to the preset temperature, the heat input to the test tube was
automatically shut off, which was several degrees (in tens) of Kelvin higher than corresponding CHF surface

temperature. This procedure avoided the actual burning of the test tube.

The average temperature, T , of the Pt 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 voltage, V-,

from the bridge circuit and the voltage drops of the test tube potential taps and standard resistance, Vr=IR;



and V| =IR;, were amplified and sent to a digital computer via an analog-to-digital (A/D) converter. The
unbalanced voltage, Vy, is expressed by Ohm's law in the form:

I(Ry xR, =R, xRy)
R, + Ry

vy =

(M

These voltages were sampled simultaneously at regular intervals ranging from 60 ms to 200 ms. The average
temperatures of the Pt test tube between the potential taps were calculated with the aid of previously
calibrated resistance-temperature relation, Ry=a(/+bT +cT °). The coefficients of the circular test tube
THD173 used in this study are as follows. a = 0.61349012 mQ, b =0.0038980686, ¢ = -0.000000588. The
heat generation rates of the Pt test tube between the potential taps, Q=I°R;, were calculated from the
measured voltage difference between the potential taps of the Pt test tube, 7%, and that across the standard
resistance, V7. The surface heat flux between the potential taps, g, is the differences between the heat
generation rate per unit volume, Q, and the rate of change of energy storage in the Pt test tube obtained from

the faired average temperature versus time curve as follows:

q=%(Q—m%} (2

where p, ¢, V, and S are the density, specific heat, volume, and inner surface area of the Pt tube, respectively.

The heater inner surface temperatures between the potential taps, 7;, were also obtained by solving a steady
one-dimensional heat conduction equation in a test tube under the conditions of the measured average
temperature, T, and the surface heat flux of the test tube, g. The solutions of the inner and outer surface
temperatures, Ts and Ty, of the test tube are given by a steady one-dimensional heat conduction equation.

The basic formula for a test tube is:

2:
d_:+ld_T+9 —0 ©)
dre rdr A
then, the integrated yield and the average tube temperature are obtained.
2 2
T(r):—Q—r+Q—r°Inr+C (4)

41 22

T= 21 - J.éozrrT(r)dr (5)
7[([’0 - ) fi

The generation of heat in the tube is equivalent to heat conduction, and the test tube is completely insulated.
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The temperature of the inner and outer surfaces of the heater, Ts and T, and C in Eq. (4) can be explained as

follows.
“T(r)=To— i 42)2 B L G S | . S (PSS P
T,=T(r)=T 4(r02—ri2)2/1{4r°{r°[|m° 2] rl[lnrI 2]} (ro rl)} 2(roz_riZM(r, 2r; Inr,) (8)
EROMINS S N cy e U § Y (R o | G S L SO
T, =T(r,)=T 4(r02_ri2)2/1[4r0{r0(lnr0 2] r,(lnrI 2)} (r0 r,):l 2(r02—ri2)/1(1 2Inr,) 9)

B S T P ¥ R T R L O
C=T 4(r02_ri2)2/1{4r0{ro(lnr0 Zj r,(lnrI 2]} (ro r,)} (10)

where T, g, 4, I;, and r, are the average tube temperature, heat flux, thermal conductivity, inner tube radius,

and outer tube radius, respectively.

The inlet and outlet pressures, P;, and Py, for the 3 mm inner diameter test section were calculated from the

pressures measured by inlet and outlet pressure transducers, Piy and Pqy, as follows:

Li
P = Pot — {(Pipt )th - (Popt )th }X LiptTp:'Lopt (11)
Pout = Pin - (Pln - Popt)xﬁ (12)

opt
where L;, = 0.053 m and L,,, = 0.053 m for 3 mm ID. The experimental errors are estimated to be + 1 K at
the inner tube surface temperature and + 2% at the heat flux. Mass velocity, inlet and outlet sub-coolings,
inlet and outlet pressures, and exponential period were measured with errors within £+ 2%, + 1K, + 4kPa, and

+ 2%, respectively.

3. NUMERICAL SOLUTION OF TURBULENT HEAT TRANSFER

3.1. RANS equations for k-¢ turbulence model with high Reynolds number form



The RANS equations for -& turbulence model [18] in a circular tube of 3 mm in diameter and 492 mm long
were numerically solved for heating of water with heated section of 3 mm in diameter and 33 mm long by
using PHOENICS code under the same conditions as the experimental ones and with temperature dependent
thermo-physical fluid properties [19]. The unsteady RANS equations for turbulent heat transfer are solved in

the three dimensional coordinate shown in Fig. 5 as follows [20].

(Continuity Equation) Cylindrical coordinates (r, 6, z):

op

at+%—(rr )+18—(ugp> 2 (u,p)=0 (13)

(Momentum Equation) Cylindrical coordinates (r, 6, z)

r-component:

10 0 oP 10 10 0
2 (0 )+ o)+ 2 () 2 2 )=~ a2 e Jo 2 L g, (14)

00 a a ror rog o
G-component:
) d 10 MU, 0 1P 1 0/,
)+ 0+ (g )+ 242 ) =2 2 S e T 42 4 0m, (15)
z-component:
0 0 10 0 oP 10 10 0
a(PUZ)+§(PUrUz)+?£(pUaUz)+E( ZUZ):_E+F6r (" rz)"’?%"'@z +ETZZ+PQZ (16)

(Energy Equation) Cylindrical coordinates (r, 6, z):

oh o 10 o
pg+pg(urh)+p——9(ueh)+pa—(uzh)= -
1o jhe Tl L 0 A+c, T 9 age, A |T +Q
ror P o "o [T a0 0| e yri
(Transport Equation for k) Cylindrical coordinates (r, 6, 2):
ok 0 1
p5+p—(uk)+p——(uek)+p (uk)=
(18)
1ol m)okl 1o okl o, mxk .
rar{/hLak] 8r}+r2 ae{‘” ]aa}+6z{”+ak]6z}+p(Pk+rb £)
(Transport Equation for &) Cylindrical coordinates (r, 6, z):
oe
PP ( )+ p——( 0 )+p (u €)=
(19)

10 oe| 1 0 oe| 0 Uy |0g
——| u+ += +— +—<| u+— + CP +C, I, -C
rar{[ﬂ ogj 8r} 2 aa{(” ]ae} az{[” 0'5]62} i (CuPCul ~Cr)
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a
where z =2pv Ur (20)

or
_opf L U 21
‘o0 Zp‘{r 69+rJ ( )
au,
TZZ:ZPVE (22)
o(u 1 ou,
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o[ 10U
A 69) (24)
ou, ou,
Tzr :Trz Zp{gﬁ'g] (25)
gr=0, 99:0, 9,=-90 (26)
h=c,T (27)
2
Vi =Cﬂk— (28)
&
A \2 2 2 N 2 2 2
Pk_le[our] +(16ug+urj +(6UJ }+(16Ur+%_wj +[5”e+15”zj +[“zﬁ“r” (29)
or rog r oz rog o r oz r o6 o oz
-V op 10p op
I,=—2L|g = it et
b pq[gr pe e 62] (30)
de =k +A (31)
5, =St (32)
(o1}
v=E1y (33)
o)

u,, ugand u, are the r, 8 and z components of a velocity vector, respectively. The constants, o, o, o;, C.,
Cs., Cs. and C,, appearing in the unsteady RANS equations for turbulent heat transfer take the values given

in Table 1 [20].

3.2. Boundary conditions

The basic equations are analyzed numerically with the following boundary conditions:

8



Outer boundary of heated section: constant heat flux and non-slip condition.
a=-42- = constan (34)
r

At the outer boundary of non-heated section:

el
=0 (35)
At the lower boundary:

T=T,, U =0 u,=0 and u,=u for inflow (36)

where T}, and u are an inlet liquid temperature and a flow velocity at the entrance of the test section.
3.3. Method of solution

The control volume discretization equations were derived from these basic equations using a hybrid scheme
[21]. The thermo-physical properties for each control volume are given by each control volume temperature
numerically analyzed. The procedure for calculating the flow field is the SIMPLE algorithm, which
represents the semi-implicit solution of the pressure-association equation [22]. A uniform heat flux, ¢, was
prescribed at the heated circular tube wall for the range of 2.628x10° W/m® to 4.930x10" W/m® as a
boundary condition, and numerical calculations continued until a steady state was obtained. The local surface
temperature on the test tube, 7, was analyzed from the calculated temperature of the first control volume on
the test tube surface, TEM, which is located on the center of the control volume, by solving the heat

conduction equation in liquid as follows [23-29].

T, - %—(Arz)"“f +TEM (37)

where, (Ar),, is the first control volume width on the »-component. In Fig. 6, the test tube surface is located
at =-1.5 mm and the conductive sub-layer [23-29] exists on the test tube surface. The liquid temperatures in
the conductive sub-layer on the test tube surface will become linearly lower with a decrease in the radius by
the heat conduction from the surface temperature on the test tube, 7/=T-q(Ar)o./2A. And let those, T}, equal
the calculated liquid temperature of the outer control volume on the test tube surface, TEM, in the turbulent

flow region, which is located on the center of the control volume as given in Eq. (37). Half of the outer



control volume width of the r component, (A4r),,,/ 2, will be the thickness of the conductive sublayer, dcs;,
for the turbulent heat transfer in a circular tube under two-phase model classified into conductive sub-layer
and inner region of the turbulent flow [23-27]. Average heat transfer coefficient on the test tube surface was
obtained by T7;,, averaging the calculated local surface temperatures, 7, at every 0.25 mm in the heated

length, L. The flow and temperature field predictions were obtained using the PHOENICS CFD code [19].

4. RESULTS AND DISCUSSION

4.1. Experimental conditions and parameters used for calculation

Steady-state heat transfer processes on the Pt test tube of 3 mm inner diameter and a 32.7 mm heated length
that caused by the exponentially increasing heat inputs, Quexp(t/z), were measured. Exponential periods, z, of
heat input ranged from 7.79 s to 25.95 s. Initial experimental conditions such as inlet flow velocity, inlet
liquid temperature, inlet pressure and exponential period for the CHF experiment were determined

independent of each other before each experimental run.

The experimental conditions are as follows.

Test Tube Number THD-F173

Heater material platinum

Surface condition Commercial finish of inner surface (CF)

Surface roughness 0.40 pum for Ra, 2.20 um for Rmax and 1.50 pm for Rz

Inner diameter (d) 3 mm

Heated length (L) 32.7 mm

L/d 10.9

Wall thickness (0) 0.5 mm

Inlet flow velocity (u) 4.222,7.314,10.407, 13.715, 17.340 and 21.446 m/s on forced convection
4.103, 7.076, 10.129, 13.428, 17.146 and 21.206 m/s at CHF

Liquid Reynolds numbers (Re,) 2.35x10% to 1.12x10°

Inlet pressure (Pi,) 831.51 to 942.94 kPa

Outlet pressure (Poy) 817.99 to 872.39 kPa

Inlet subcooling (AT in) 134.70 to 140.79 K

Outlet subcooling (ATsyb out) 94.34 10 119.51 K

Inlet liquid temperature (T;,) 308.20 to 311.28 K

Exponentially increasing heat input (Q) Qoexp(t/z), ==7.79 to 25.95 s

The parameters used for calculation were as follows:

10



Inner diameter (d) 3 mm

Heated length (L) 33 mm

Entrance length (L) 282 mm

Exit length (Ley) 177 mm

Test section length (Ly) 492 mm

Heat flux (q) 2.628x10° to 4.930x10" W/m? (o exp(t/7), 7=23.52 t0 25.95's)

Inlet flow velocity (u) 4.222,7.314,10.407, 13.715, 17.340 and 21.446 m/s on forced convection

4.103, 7.076, 10.129, 13.428, 17.146 and 21.206 m/s at CHF
Liquid Reynolds numbers (Re,) 2.35x10" to 1.12x10°
Inlet liquid temperature (T;;)  308.20 to 311.28 K

Coordinate system cylindrical coordinate (r, 6, z)

Control volume number (20 to 45, 60, 894)

Physical model k-& turbulence model with high Reynolds nhumber form
Wall functions logarithmic law (7.2174<y" c5,,<19.9446)

4.2. Steady state heat transfer characteristics
4.2.1. Heat transfer curve

Figure 7 has been shown typical example of the heat transfer curves for the exponential period, 7, of around
25 s on the Platinum test tube of d=3 mm and L=32.7 mm at the inlet liquid temperature, T;,, of around
308.38 K and the flow velocities, u, of 4 to 21 m/s. At a constant flow velocity, the heat flux gradually
increases with increasing ATy (=7,-Ti,) on the non-boiling forced convection curve derived from the
correlation, Eq. (38), [30] until the point where the heat flux begins to increase the gradient at the onset of

nucleate boiling.

L ~0.08 0.14
Nu, =0.02Re{®® Pr°'4[—J [i] (38)
d My

All properties of the equation are evaluated at the average bulk liquid temperature, 77, [=(TiH(Tout)ea)/2],
except 4, Which is evaluated at the heater inner surface temperature. And the heat flux increases up to the
CHF where the heater surface temperature rapidly jumps from the nucleate boiling heat transfer regime to
the film boiling one. The CHF and its superheat become higher with an increase in flow velocity. The
nucleate boiling curves in higher heat flux range for each flow velocity agree with each other forming a

single straight line on the log g versus log AT, graph. The fully developed subcooled boiling curve for

11



Platinum test tube with a commercial finish of inner surface can be expressed by the following empirical
correlation.
q=CATg, =1630ATS, (39)

where C and #n are coefficient and exponent, and equivalent to 1630 and 3 respectively. The correlation can
almost describe the fully developed subcooled boiling curves for the Platinum test tube of 4=3 mm and
L=32.7 mm with the commercial finish of inner surface at the outlet pressure of around 800 kPa obtained in
this work within 15 % difference under the wide range of flow velocities. The corresponding curve derived
from the correlation, Eq. (40) with C,=0.0094 for fully developed subcooled boiling given by Rohsenow

[31] is also shown in Fig. 7 for comparison.

033 17
CpIATsat =C5f[ q o )] [Cpl;ulj (40)

g hg V9o - pg 4

where, various fluid properties are evaluated at the saturation temperature corresponding to the local
pressure, and Cg is a function of the particular heated surface and fluid combination. The value calculated
from the correlation is in good agreement with the corresponding value of the Rohsenow correlation, Eq.
(40), at Cy = 0.0094 in the log q vs. log Ts graph. The values of the lower limit of the heterogeneous
spontaneous nucleation temperature, Tyzr, [12] and the homogeneous spontaneous nucleation temperature,
Ty, [32] at 800 kPa are shown below the figure. The tube inner surface temperature in CHF at a flow velocity

of 21 m/sis51.90 K and 106.62 K lower than Tyer and Ty, respectively.

4.2.2. Thickness and nondimensional thickness of local conductive sub-layer, dcs. and y*cs., on forced

convection

Figures 8, 9 and 10 show the experimental results of average inner surface temperature (Ts.-black solid
circle), heat flux (g-black solid line) and, inlet and outlet liquid temperatures (T;, and T,-black solid
squares) against the z-axis distance from the leading edge of the heated section at the flow velocities, u, of
13.64,13.67 and 13.71 m/s with the heat fluxes, g, of 3.009, 5.176 and 8.906 MW/m?, respectively. The

liquid temperatures are linearly estimated from the values of the inlet liquid temperature, T;,, and outlet ones,

12



Tou. The average inner surface temperature (7;,,) was obtained from Eq. (8) using the measured average

temperature of the Pt tube and the surface heat flux.

The numerical solutions of the z-axis variations in the analyzed liquid temperature of the outer control
volume on the test tube surface, TEM, are shown at the heat fluxes of 3.043, 5.098 and 8.541 MW/m? with
the flow velocities of 13.71 m/s as a green 1-dot dashed line in each figure. The numerical solutions of the
local inner surface temperatures on the test tube, T, were calculated from the analyzed liquid temperature of
the outer control volume on the test tube surface, TEM, which is located on the center of the control volume,
by solving the liquid heat conduction equation given by Eq. (37). The z-axis variations in the inner surface
temperature of the test tube at every 0.25 mm in the heated length, L, are shown as green solid line in the
figure. They become gradually higher with an increase in the z-axis distance from the leading edge of the
heated section. The average values of numerical solution of the local inner surface temperature (Ts,-green
solid circle) solved by the theoretical equations for turbulent heat transfer, Egs. (13) to (36), almost agree
with the experimental results (Tsa-black solid circle) given by Eq. (8) which are obtained from the steady
one-dimensional heat conduction equation within +7.30 % difference. The thickness of the local conductive
sub-layer, O¢s;, for the turbulent heat transfer on the Pt test tube of =3 mm and 2=32.7 mm is 6.52 um at the
heat fluxes of 3.043, 5.098 and 8.541 MW/m? with flow velocity, u, of 13.71 m/s as shown in Figs. 8, 9 and
10. The thickness of the local conductive sub-layer does not depend on the surface heat flux and the heater
inner surface temperature, and that is a constant value 6.52 um in the wide z region. To calculate the
nondimensional thickness of the local conductive sublayer, y*cq., all properties in the equation are evaluated
at the calculated temperature of the first control volume on the heated surface, TEM. The dimensionless

thickness of the local conduction sublayer for steady-state turbulent heat transfer, y*cs,, is defined as:

05
Vst :(%] M (41)
H

where fe is Fanning friction factor [25-27] and all properties in the equation are evaluated at the average bulk
liquid temperature, T;, [=(Ti+(Tou)ea)/2]. The thicknesses and nondimensional thicknesses of local
conductive sub-layer, d¢s;, and y*cg, at various zare shown as a red solid line and a pink solid one in Fig. 8

with g=3.009 MW/m?, Fig. 9 with q=5.176 MW/m?, and Fig. 10 with q=8.906 MW/m’ and are listed in

13



Table 2, 3 and 4, respectively. The thickness of the local conductive sublayer is a constant value 6.52 um,
but the nondimensional thicknesses of the local conductive sublayer (y*cs -pink solid line) are 8.224 to
10.297, 8.385 to 12.022, and 8.657 to 15.203 for each heat flux, and become larger with an increase in the z-
axis distance from the leading edge of the heated section. Its tendency to become higher is almost the same

as that of TEM.

The numerical solutions of average liquid temperature, T;,, from inlet to outlet are also shown as green
broken line in Figs. 8, 9 and 10 for comparison. The average liquid temperatures, Ts,,, Were calculated from
the analyzed liquid temperatures of the control volumes on the r and &-axis grid numbers of the r-8 plane for
each z-axis grid number. These increase linearly with increasing z-axis distance, z, and are approximately
equal to the outlet liquid temperature, 7,,, at the heated length outlet. Therefore, it was confirmed from this
fact that the local liquid temperature experimental results, T;, obtained by the use of linear interpretation
between the inlet and outlet liquid temperatures, T, and T,y would be correct, but these inlet and outlet
liquid temperatures were measured with a 1 mm outer diameter sheathed K-type thermocouple in small-

diameter tube with d = 3 mm, respectively.

4.2.3. Thickness and nondimensional thickness of local viscous sub-layer, &5 and y*vs., on forced

convection

The Prandtl numbers, (Pr)rey, evaluated at the calculated temperature of the first control volume on the
heated surface, TEM, and thicknesses and nondimensional thicknesses of local viscous sub-layer at various z
are shown as a blue solid line, a red 1-dot dashed line and a pink 1-dot dashed line in Figs. 8, 9 and 10 with
g=3.009, 5.176 and 8.906 MW/m?, respectively, and are also listed in Tables 2, 3 and 4. Results of scale
analysis in laminar thermal boundary layers give the order of magnitude of the main values shown in

following equations [28, 29]:

@%CSL — (P2, for (Pr)rem<<1 (42)
YV%+ =(PrY2, for (Pr)rem <<1 (43)
CSL
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s/ 1 for (Pr)rem =1 (44)

CSL

yv% =1 for (Pr)TEM =1 (45)

CSL

@%CSL ~(PHZ, for (Pr)rem >1 (46)

Yv%y+ = (P2, for (Pr)rem >1 (47)
CSL

The calculated temperatures of the first control volume on the heated surface, TEM, become higher as z
becomes larger, but the Prandtl numbers evaluated at TEM, (Pr)em, decrease gradually with an increase in z
and those become smaller as the heat flux becomes larger. The thickness of the local conductive sub-layer,
dcst, did not depend on the surface heat flux and the heater inner surface temperature, and that was a constant
value 6.52 um in the wide z region. The thickness and nondimensional thickness of the local viscous sub-
layer, &y and y*ys, for the turbulent heat transfer on the test tube of @=3 mm and L=33 mm are estimated
from Eqgs. (42) to (47) with the thickness and nondimensional thickness of the local conductive sub-layer and
Prandtl number evaluated at TEM. These thicknesses and nondimensional thicknesses of the local viscous
sub-layer, 8. and y*ys., are 10.801 to 9.822 um and 13.624 to 15.512, 10.703 to 9.237 um and 13.764 to
17.031, and 10.543 to 8.533 um and 13.999 to 19.898 in the wide range of the heater inner surface
temperature, T;, at =3.009, 5.176 and 8.906 MW/m?, respectively. The thicknesses of the local viscous sub-
layer decrease with an increase in the z-axis distance from the leading edge of the heated section with a
decreasing trend similar to Prandtl number, (Pr)gy, but the nondimensional thicknesses of the local viscous

sub-layer increase contrary to that tendency.

And the average values of the thicknesses and nondimensional thicknesses of the local viscous sub-layer,
Sse and y*ys, become 10.054 um and 15.022, 9.564 um and 16.156, and 8.938 um and 18.207 at g=3.009,
5.176 and 8.906 MW/m? as shown by the red and pink solid inverted triangle symbols at z=16.5 mm in Figs.
8, 9 and 10, respectively, while those of the thicknesses and nondimensional thicknesses of the local
conductive sub-layer, &cs; and y*cs, become 6.52 pm and 9.750, 6.52 um and 11.038, and 6.52 um and
13.345 as shown by the red and pink solid triangle symbols. It has been confirmed from these facts that the

thickness of the local conductive sub-layer, dcs;, is constant even over a wide range of heat flux and inner
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surface temperature of the test tube and is determined only by the flow velocity while the nondimensional
thickness of the local conductive sub-layer, y*cs, and, the thickness and nondimensional thickness of the
local viscous sub-layer, & and y*vs, vary greatly depending on the heat flux and the inner surface
temperature. The thickness of the average conductive sub-layer, dcs.a., Will be always the same as the
thickness of the local conductive sub-layer regardless of the heat flux and the inner surface temperature, and

it depends only on the flow velocity as well as the thickness of the local conductive sub-layer, o¢s;.

4.2.4. Thickness and nondimensional thickness of average conductive sub-layer, 8¢sz.q, and Y csi ay, 0N

forced convection

The numerical solutions of the theoretical equations for k-& turbulence model with high Reynolds number
form are in good agreement with the experimental data and the values derived from Eq. (38) within -15 %
differences as shown in Fig 7. The thicknesses of the average conductive sub-layer, dcs;, 4, for the turbulent
heat transfer on the Pt test tube of =3 mm and L=32.7 mm in Fig 7 are 17.1, 10.59, 8.24, 6.52, 5.24 and 3.48
um at flow velocities, u, of 4.222, 7.314, 10.407, 13.715, 17.340 and 21.446 m/s, respectively. These
thicknesses of the average conductive sub-layer do not depend on the heat flux and the heater inner surface
temperature, and are constant values 17.1, 10.59, 8.24, 6.52, 5.24 and 3.48 um in the wide AT region. The
heat transfer coefficient, 4, is proportional to the reciprocal of the thickness of the conductive sub-layer,
1/0cst.qv [26]. Mention of the relationship between the heat transfer coefficient, 4, and the thickness of the
average conductive sub-layer, ocs..., On forced convection in detail are made in Appendix A.1. Relationships
between Jcsiav and the nondimensional thickness of average conductive sublayer, y'csi an, (4T =100 K)
numerically solved for steady-state turbulent heat transfer, and u for d=3 mm, L=33, 67, and 100 mm, and
L/d=11, 22.33, and 33.33 with T;, of approximately 308 K are shown in Fig. 11 and listed in Table 5. To
calculate the nondimensional thicknesses of the average conductive sublayer, y*cs a, all properties in the
equation are evaluated at the average calculated temperature of the first control volume on the heated
surface, TEM,,. The nondimensional thicknesses of the average conductive sublayer for steady-state

turbulent heat transfer, y*cs. .y, are defined as follows:
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. FENE UG,
YesLav = (7':} e (48)
H

fr =0.126Re"? (49)
where fr is Fanning friction factor [25-27] and all properties in the equation are evaluated at the average bulk
liquid temperature, 77, [=(T; (T pu)ear)’2]. The ScsLay TOr d =3 mm with L/d = 11, 22.33, and 33.33 decreased
linearly with an increase in flow velocity, u, on a log—log scale; however, y*cs o increased a little with
increase in u but was nevertheless nearly constant over the entire numerical range. These numerical solutions
of SesLavand Yies ar (AT =100 K) for steady-state turbulent heat transfer can be expressed by the following
equation determined by the least squares method of power-law:

Sesav = 68.012, 709345 (50)

Vs av =10.817y 00563 for AT =100 K (51)

4.2.5. Thickness and nondimensional thickness of average viscous sub-layer, &s. s and y*ys; ay, ON

forced convection
4.2.5.1. In case of u=4.22 m/s

The typical example of the steady-state turbulent heat transfer curve for Platinum circular tube, d, of 3 mm,
heated length, L, of 32.7 mm and heated length-to-inner diameter ratio, L/d, of 10.9 with the exponential
period, 7, of around 23.52 s at the flow velocity, u, of 4.22 m/s is re-plotted versus the temperature difference
between average inner surface temperature and liquid bulk mean temperature, AT, (=T,a-T.), as black solid
line in Fig. 12. Numerical solution of the relationship between the heat flux, g, and the temperature
difference between the average inner surface temperature and the liquid bulk average temperature, AT, are
shown at the flow velocity of 4.22 m/s as green solid circles. The thicknesses of the average conductive sub-
layer, ocsiav, TOr the turbulent heat transfer on the Pt test tube of @=3 mm and L=32.7 mm in Fig. 12 is almost
constant at 17.1 um in the wide range of AT, at flow velocity, u, of 4.22 m/s. The Prandtl numbers of the
first control volume on the heated surface of the Platinum circular tube on forced convection, (Pr)rgy,ay, are

evaluated at the average calculated temperature of the first control volume on the heated surface, TEM,,, and
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those are indicated by a blue solid line in Fig. 12. As shown in Fig. 13, the Prandtl numbers of water are

given by the following equation with respect to the water temperature.

Pr=3.731204E-13x*T®-1.046738E-9 x T °+1.213098E-6 x T*-7.434970E-4 x T3+
2.542630E-1x T 2-4.604004E1 x T+3.454213E3

(52)

The Prandtl number is 4.31 at AT, =8.88 K in Fig. 12. It decreases gradually with an increase in AT, and
becomes the value 2.72 at AT, =100.97 K. Further, even when AT, reaches 100.97 K or more, it decreases to
minimum value 1.73 at AT, =263.55 K. The thicknesses of average conductive sub-layer, ocs.ay, are also
shown as red solid line in Fig. 12. The thickness of the average conductive sub-layer, ocsiay, does not depend
on the heat flux and the heater inner surface temperature, and it is a constant value 17.1 um in the wide AT,

region. Results of scale analysis in laminar thermal boundary layers give the order of magnitude of the main

values shown in following equations [28, 29]:

&/SLV%?SL av = (PI’ 1/E%/I av for (Pr)TEM'aV <<1 (53)

st av -1 for (Pr)rema =1 (54)
5cs|_,av TEM,av

@SL,%:SL N — (Pr 1/E?\/I av for (PI’)TEM’a\, >1 (55)

The thicknesses of the average viscous sub-layer, dys.av, fOr the turbulent heat transfer on the Pt test tube of
d=3 mm and L=32.7 mm at flow velocity, u, of 4.22 m/s are estimated from the thicknesses of the average
conductive sub-layer and Prandtl numbers evaluated at the average calculated temperature of the first control
volume on the heated surface and those are shown with a red broken line in Fig. 12, and are also listed in
Table 6. The thickness of the average viscous sub-layer, dys. v, IS 27.825 um at AT, =8.88 K. It decreases
gradually with decreasing trend similar to Prandtl number, (Pr)rem.av, 8 AT, increases and becomes the value
23.859 um at AT, =100.97 K. Further, when AT is 100.97 K or more, it decreases also to minimum value
20.525 um at AT, =263.55 K. The nondimensional thicknesses of average conductive sub-layer, y*cs_ay, are
also shown as pink solid line in Fig. 12 and are listed in Table 6. As described above, the thickness of the
average conductive sub-layer is a constant value 17.1 um in the wide AT, region, but the nondimensional
thickness of the average conductive sub-layer, y*cs ., becomes higher with an increase in AT, due to the

temperature dependence of the thermo-physical property value. The nondimensional thicknesses of the

18



average Viscous sub-layer, y*ys ay, are calculated by the following equations and are indicated by a pink

broken line in the figure and are listed in the table.

yVSL% - (Pr 1/Eﬁll av for (PI‘)TEM,a\, <<1 (56)

CSL av

yVSL% -1 for (Pr)rema =1 (57)
yCSL,av

YVSL% =(Pr UE?\A av for (Pr)TEM,av >1 (58)
CSL,av

The nondimensional thickness of the average viscous sub-layer, y*ys v, is similar to the temperature rise
tendency of the nondimension thickness of the average conductive sub-layer, y*cs. 2, and it increases as the

AT, increases.

The thickness of the local conductive sub-layer, dcsi, for the turbulent heat transfer on the Pt test tube of d=3
mm and L=32.7 mm is constant at 17.1 um in the wide range of heater inner surface temperature, T, at flow
velocity, u, of 4.22 m/s. The thickness of the local conductive sub-layer, &cs., does not also depend on the
heat flux and the heater inner surface temperature, and is a constant value 17.1 um in the wide AT region.
For this reason, the thickness of the average conductive sub-layer, dcsav, IS €xactly the same value as the
thickness of the local conductive sub-layer, &cs.. The nondimensional thickness of the local conductive sub-
layer, y*cs., and, the thickness and nondimensional thickness of the local viscous sub-layer, &s. and y*ye.,
for the turbulent heat transfer are estimated from the thickness of the local conductive sub-layer, &, and
Prandtl numbers evaluated at the calculated temperature of the first control volume on the heated surface,
(Pr)rem. Mentions of the thickness and nondimensional thickness of local conductive sub-layer, dcs. and
y'cst, and the thickness and nondimensional thickness of local viscous sub-layer, s and y*ys., on forced

convection in detail are made in 4.2.2 and 4.2.3.

4.25.2. In cases of u=7.31, 10.41, 13.72, 17.34 and 21.45 m/s

Heat transfer processes on the Pt test tube of d=3 mm and L=32.7 mm compared with heat transfer curves
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numerically analyzed, Prandtl numbers evaluated at the average calculated temperature of the first control
volume on the heated surface under forced convection, thicknesses of conductive and viscous sub-layers and
nondimensional thicknesses of conductive and viscous sub-layers at various AT, are shown in Fig. 14 and
Table 7 with u=7.31 m/s, Fig. 15 and Table 8 with u=10.41 m/s, Fig. 16 and Table 9 with u=13.72 m/s, Fig.
17 and Table 10 with u=17.34 m/s, and Fig. 18 and Table 11 with u=21.45 m/s, respectively. The Prandtl
numbers evaluated at the average calculated temperature of the first control volume on the heated surface of
the Platinum circular tube on forced convection, (Pr)remay, decrease gradually with an increase in AT, and
becomes finally the minimum at the maximum value of AT,. The thicknesses of the average conductive sub-
layer, dcsiav, d0 Not depend on the heat flux and the heater inner surface temperature, and are constant values
10.59, 8.24, 6.52, 5.24 and 3.48 um in the wide AT, region at each fixed flow velocity. The thicknesses of
the average viscous sub-layer, dys. ay, for the turbulent heat transfer on the Pt test tube of ¢=3 mm and L=32.7
mm are estimated from the thicknesses of the average conductive sub-layer and Prandtl numbers evaluated at
the average calculated temperature of the first control volume on the heated surface, and those are shown
with a red broken line in Figs. 14, 15, 16, 17 and 18, and are also listed in Tables 7 to 11. These thicknesses
of the average viscous sub-layer, s av, are 17.497 to 13.719 um, 13.618 to 9.969 pum, 10.743 to 7.992 um,
8.572 t0 6.604 um, and 5.499 to 3.880 um in the wide range of AT, at u=7.31, 10.41, 13.72, 17.34 and 21.45
m/s, respectively. Those decrease gradually with decreasing trend similar to Prandtl number, (Pr)remay, as
AT, increases and become the minimum values 13.72, 9.97, 7.99, 6.60 and 3.88 um at AT, =161.02, 236.66,
216.89, 169.63 and 249.96 K. The nondimensional thicknesses of average conductive and viscous sub-layers,
Y esLav and Y'ysy oy, are also shown as pink solid and broken lines in Figs. 14 to 18. As described above, the
thicknesses of the average conductive sub-layer are constant values 10.59, 8.24, 6.52, 5.24 and 3.48 um in
the wide AT, region, respectively, but the nondimensional thicknesses of the average conductive sub-layer
become higher with an increase in AT_ due to the temperature dependence of the thermo-physical property
value. The nondimensional thicknesses of the average viscous sub-layer, y*ys ., are similar to the
temperature rise tendency of the nondimension thicknesses of the average conductive sub-layer, y*cs av, and

those increase as the AT, increases.

4.2.5.3. Influence of heated length on &s.av, Y cstav Svstay @Nd Yysav
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Relationships between the thickness and nondimensional thickness of average conductive sub-layer, dcs av
and y* s, av, and the heated length, L, numerically solved with d =3 mm and L = 33, 67, and 100 mm at T;, of
approximately 306 K are presented in Fig. 19. Both &s_a, and y'cs o are nearly constant for various heated

lengths on a semi-log scale. The y*cg oy are the values at AT, =100 K.

The Sys.av at AT =100 K for d =3 mm with L/d = 11, 22.33, and 33.33 decreased linearly with an increase in
flow velocity, u, on a log-log scale in Fig. 20; however, y*ys_ s, increased a little with an increase in u but
was nevertheless nearly constant over the entire numerical range. These numerical solutions of &,y and
Y'vsLav at AT =100 K for steady-state turbulent heat transfer can be expressed by the following equation
determined by the least squares method of power-law:

st a =103.837y 7077 for AT, =100 K (59)
st av =16.519,°01088 for AT =100 K (60)

Relationships between the thickness and nondimensional thickness of average viscous sub-layer, dsa and
Y vsLav at AT =100 K, and the heated length, L, numerically solved with d = 3 mm and L = 33, 67, and 100
mm at T;, of approximately 306 K are presented in Fig. 21 and listed in Table 12. Both &g,z and y*ys ay are
nearly constant for various heated lengths on a semi-log scale. The &s.av and y*vs o are the values at AT,

=100 K.

4.2.6. Thickness of conductive sub-layer on nucleate boiling heat transfer, §

The heat transfer with thinner conductive sub-layer dissipated by the evaporation on nucleate boiling is
numerically analyzed by the theoretical equations for steady-state turbulent heat transfer. Numerical solution
of the relationship between the heat flux, g, and the temperature difference between the average inner surface
temperature and the liquid bulk average temperature, A7}, are shown for the heat flux, ¢, ranging from
6.57x10° to 1.74x10" W/m’, from 6.54x10° to 2.52x10" W/m’, from 6.48x10° to 3.42x10" W/m? from

6.47x10° to 4.29x107 W/m?, from 1.29x10° to 4.93x10” W/m?* and from 1.88x10° to 3.84x10” W/m? at the
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flow velocities of 4.222, 7.314, 10.407, 13.715, 17.340 and 21.446 m/s as colored solid circles in Figs. 22 to
27, respectively. The 12-13, 12-14, 14, 12-14, 14 and 14 different values for the numerical solutions are
plotted for the A7} ranging from 5.76 to 348.97 K, from 5.45 to 266.36 K, from 5.60 to 293.26 K, from 5.51
to 262.65 K, from 7.14 to 288.87 K and from 6.61 to 180.27 K on the log g versus log AT, graph,
respectively. These solutions for 6=6.43, 1.73 and 0.33 pum, 5=5.24, 1.97, 0.57 and 0.11 um, &=4.25, 1.64,
0.48 and 0.09 um, 6=3.48, 1.37, 0.41 and 0.13 pm, 6=2.86, 1.15 and 0.48 um and 6~1.97, 0.81 and 0.25 pm
become also higher with an increase in the A7} on the higher curves parallel to the steady-state turbulent heat
transfer one derived from Eq. (38) as shown in Figs. 22 to 27, respectively. The outer control volume widths
for the r-component, (Ar),,,, which are twice as large as the thicknesses of the conductive sub-layer, J, are
ranging from 12.86 to 0.66 um, ranging from 10.48 to 0.22 pum, ranging from 8.5 to 0.18 pum, ranging from
6.96 to 0.26 pm, ranging from 5.72 to 0.96 pm and ranging from 3.94 to 0.5 um at flow velocities, u, of
4.222, 7.314, 10.407, 13.715, 17.340 and 21.446 m/s, respectively. These curve-fitted numerical solutions
based on the least squares method of power-law are shown in Figs. 22 to 27. The thicknesses of the
conductive sub-layer, J, on the nucleate boiling heat transfer experimentally obtained would become half the
outer control volume width for the r-component, (A4r),./2, numerically solved at an intersection point
between the fully-developed nucleate boiling heat transfer curves and the smoothing curves of conductive

sub-layer.

It has been assumed that the measurement of thickness of the conductive sub-layer at CHF point would be
very useful to discuss the mechanism of the critical heat flux during flow boiling of subcooled water, which
would occur due to the heterogeneous spontaneous nucleation at the lower limit of the heterogeneous
spontaneous nucleation temperature [12], due to hydrodynamic instability suggested by Kutateladze [13] and
Zuber [14] or due to the liquid sub-layer dry-out models suggested by Lee and Mudawar [15], Katto [16] and
Celata et. al. [17]. The thicknesses of the average conductive sub-layer on forced convection and nucleate
boiling heat transfer, dcs; ., and o, are shown versus heat flux, ¢, for the u ranging from 4 to 21 m/s in Fig.
28. These thicknesses on the semi-log graph (dcs.., and o versus log g) become linearly lower with an
increase in the g. Those look like being almost 0 pm at the CHF points, although that at =4 m/s becomes

almost 0 um at the heat flux 30.77 % lower than the CHF one. The conductive sub-layer at CHF point would
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have almost disappeared, however, an intense boiling sound occurred for a period of time before the CHF
point. As shown in Fig. 29, the ratios of conductive sub-layer on nucleate boiling heat transfer to conductive
sub-layer on forced convection, Ocs;, o/Ocst.ay and &cst.av, for the Pt test tube of d=3 mm and L=32.7 mm
with the commercial finish of inner surface can be expressed for the ratios of boiling number on nucleate
boiling heat transfer to boiling number at CHF point, Bo/Bo,,, for the u ranging from 4 to 21 m/s by the

following correlations:

S _ 079989l — B | for y=4m/s (61)
Oes 0.84419 Bo,,
O _084353In| —~ B for u=6.9 m/s (62)
» 0.82275 Bo,,
,av
O 088649In| — B for u=9.9 m/s (63)
oy 0.90454 Bo,,
,av
o _ _088072In| —+ B for u=13.3 m/s (64)
oy 0.92842 Bo,,
,av
o _ _087898In| —L__B° for u=17 m/s (65)
oy 1.00626 Bo,,
,av
O __j14s10in| L B0 for u=21 m/s (66)
oot ar 1.08001 Bo,,

It is assumed that the transition to film boiling at the subcooled water flow boiling on the Pt test tube of d=3
mm and £=32.7 mm would occur due to the liquid sub-layer dry-out model [15-17] at the steady-state CHF
but not due to the heterogeneous spontaneous nucleation [12] and the hydro-dynamic instability [13, 14]. The
conductive sub-layer at CHF point has almost disappeared under the u ranging from 4 to 21 m/s, and it
would not be seen that the CHF phenomenon occurs at some critical velocity in the vapor phase when the
vapor jets and the liquid ones start interfering with each other. It is the reason not to occur the hydrodynamic

instability on the vapor-liquid interface at the CHF.

The values of CHF numerically analyzed from Celata et. al.’s liquid sub-layer dry-out model [17] are shown
in Figs. 22 to 29 for comparison. The values derived from liquid sub-layer dry-out model are in good
agreement with the experimental values of CHF for the Pt test tube of d=3 mm and 2=32.7 mm within -21.10
to 0.49 % differences at whole u range of 4.222, 7.314, 10.407, 13.715, 17.340 and 21.446 m/s tested here
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and the values of heat flux at which the thicknesses of the conductive sub-layer become 0 p-m. The
relationship between o&csi/dcst and o dcs., and Bo/Bo., at a flow velocity from 4 to 21 m/s is almost
represented by one display formula shown below instead of Egs. (61) to (66) in Fig. 29.

Bo

g =—o.18013|n(ﬂjln Bo,
- 357.24

(67)

0.216561n| ¢
927.94

4.3. Comparison of the Measured CHFs with Author’s Correlations, and Other Researchers’ CHF

Model and Correlations

Figure 30 shows the steady-state CHF, Qcrsunstv OUtlet subcooling, Teou, OF @ vertical Pt circular test tube
with an inner diameter (d = 3 mm) and a heated length (L = 32.7 mm), L / d (= 10.9) and wall thickness (5=
0.5 mm) are obtained at flow velocities u ranging from 4 to 21 m/ s at an outlet pressure, Py, of about 800
kPa. As shown in the figure, g.rsunst fOr each flow velocity increase with increasing A7y o and the rate of
increase decreases with increasing ATqpnowr CHF throughout the experimental range increases with
increasing flow rate at fixed ATgu 0. The curves given by Eqgs. (68) and (69) for a vertical SUS304 circular

test tube are shown in Fig. 30 at each flow velocity for comparison.

Outlet subcooling:

-0.1
Bo,, =o.082D**°-1\Ne*°-3(a"j 5c® for AT 0,30 K and u<13.3 m/s [1, 4] (68)
0.1
Bo,, :0.0418D*’°'”5\Ne’°'225[%j 5¢° for ATapou>30 K and u>13.3 m/s [6] (69)

Inlet subcooling:

(Lid)

01 04
Bo,, :ch**O-l\Ne*O'SGJ e 7R gexCs for AT ir>40 K and u<13.3 m/s[2, 3, 4] (70)
or - (L/d)
Bo,, :C4D*’°'175We’°'225(%j e B Sex%  for ATuyn>40 K and u>13.3 m/s [6] (72)
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where C;=0.082, C,=0.53 and C,=0.7 for L/d<around 40 [2] and C;=0.092, C,=0.85 and C;=0.9 for
L/d>around 40 [3]. C4,=0.0418, Cs=0.144 and C4=0.7 for L/d<around 40 [6] and C,=0.0469, Cs=0.231 and
Ce=0.9 for L/d>around 40 [6]. Bo.,, D*, We, Sc and Sc* are boiling number (=0cr su/Ghyg), non-dimensional
diameter [D*=d/{alg/(n-pe)}°°], Weber number (=G’d/po), non-dimensional outlet subcooling
(=CpdTsup,0out/Ng) and non-dimensional inlet subcooling (Sc*=cpATsu,in/hrg), respectively [1-6]. CHF data for
AT o> 30 K agree well with the values given by correlations. Equations (68) and (69) 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 [1-4] and ranging from 17 to 40 m/s [6] respectively. To confirm the applicability of Egs. (68) and (69)
to data at flow velocities of 4-21 m/s, the ratio of these CHF data to the corresponding values calculated by
Eqgs. (68) and (69) is shown for ATy in Fig. 31. Most data for vertical circular test tubes (14 points) are

within -22.74 to -6.04 % differences for 4.10 m/s<u<21.21 m/s and 94.34 K<AT,,,,<116.29 K.

It can be considered that the CHFs are determined not by the outlet conditions but by the inlet ones. Steady-
state CHF, g.,....s» OF @ vertical Pt circular test tube with an inner diameter of 3 mm, L= 32.7 mm, L/d = 10.9
and 6 = 0.5 mm was shown for the inlet subcooling, AT, ., at a flow velocities of 4-21 m/s in Fig. 32. The
Gersubs: TOr €ach flow velocity increases with increasing A7y, ;.. The higher the AT, .., the lower the rate of
increase. The g.....s: iINCreases with increasing flow velocity with fixed ATy, .. The ge.q. fOr @ wide range
of flow velocities are proportional to AT, for AT, .= 40 K. The curves obtained from Egs. (70) and
(71) for a vertical SUS304 circular test tube are shown in Fig. 32 for comparison. CHF data for AT, > 40
K are in good agreement with values given by author correlations. To confirm the applicability of Egs. (70)
and (71), the ratio of the CHF data for these d = 3 mm vertical circular test tubes (14 points) to the
corresponding values calculated in Egs. (70) and (71) is shown for AT, ;, in Fig. 33. Most data of AT, ;,>
40 K are within -19.81 to -6.21 % differences of Egs. (70) and (71) for 4.10 m/s<u<21.21 m/s and 134.70

K<AT,,,<139.14 K.

Celata et al. [17] presented a mechanistic model for prediction of CHF in flow boiling of subcooled water.

Hall and Mudawar [33] developed the inlet and outlet condition correlations for subcooled high-CHF based
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on the experimental data. Hall and Mudawar correlation [33] for the outlet conditions is as follows:

—0.681! 0.832
Bo,, = 0.0332We°'235{ﬂJ {1— 0.6837[ﬂ] Zm} for outlet (72)
Pqg Pqg

Shah [34, 35] presented the upstream-conditions correlation (UCC) and the local-conditions correlation
(LCC) for CHF in vertical tubes. Shah correlation for the LCC version [35] is as follows:
Bo,, = F-F,Bo, for the LCC version (73)

The experimental data for u=4 to 21 m/s at P,,~800 kPa are compare with authors’ correlations, Eqgs. (68)
and (69), solutions of the model by Celata et al. [17], Hall and Mudawar correlation, Eq. (72), [33] and Shah
correlation for the LCC version, Eq. (73), [34, 35] in Fig. 34 for the THD-F173 Pt test tube of =3 mm and
L=32.7 mm with the commercial finish of inner surface. The authors’ correlations, Eqgs. (68) and (69),
solutions of the model by Celata et al., Hall and Mudawar correlation, Eq. (72), and Shah correlation for the
LCC version, Eq. (73), are in good agreement with the experimental data for u=4 to 21 m/s within -22.74 to -
6.04 % differences, -21.10 to 0.49 % differences, -22.17 to 0.58 % differences and -19.20 to 6.16 %

differences, respectively.
5. CONCLUSIONS

Subcooled boiling heat transfer and steady state critical heat flux (CHF) in a vertical tube for the liquid
Reynolds numbers (Re;~2.35x10" to 1.12x10°) and the flow velocities (1=4.103 to 21.446 m/s) at the inlet
liquid temperatures (73,=308.20 to 311.28 K) and the inlet pressures (P;,=831.51 to 942.94 kPa) are
systematically measured. Pt tube with inner diameter d = 3mm, heated length L = 32.7mmand L /d = 10.9 is
used. On the other hand, the RANS equations with k-¢ turbulence model are numerically solved with various

thicknesses of conductive sub-layer. Experimental and computational study results lead as follows:

1) The thickness of the local conductive sub-layer, &cs., does not depend on the heat flux and the heater
inner surface temperature, and is a constant value in the wide AT, region. Therefore, the thickness of the
average conductive sub-layer, dcs_ay, IS exactly the same value as the thickness of the local conductive
sub-layer, ocst.
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2) The thicknesses of the average conductive sub-layer, Ocsra., for the turbulent heat transfer are 17.1,
10.59, 8.24, 6.52, 5.24 and 3.48 um at flow velocities, u, of 4.222, 7.314, 10.407, 13.715, 17.340 and
21.446 m/s, respectively.

3) The thickness of the average conductive sub-layer, csiay, does not depend on the heat flux and the
heater inner surface temperature, and it is a constant value in the wide AT, region, but the
nondimensional thickness of the average conductive sub-layer, y*cs. o, becomes higher with an increase
in AT, due to the temperature dependence of the thermo-physical property value.

4) The thicknesses of the average viscous sub-layer, dys_a, On forced convection are estimated from the
thicknesses of the average conductive sub-layer and Prandtl numbers evaluated at the average calculated
temperature of the first control volume on the heated surface. These thicknesses of the average viscous
sub-layer, &ys, are 27.825 to 20.525 um, 17.497 to 13.719 pum, 13.618 to 9.969 um, 10.743 to 7.992 um,
8.572 to0 6.604 um, and 5.499 to 3.880 um in the wide range of AT, at u=4.22, 7.31, 10.41, 13.72, 17.34
and 21.45 m/s, respectively. The nondimensional thicknesses of the average viscous sub-layer, y*vs av
are similar to the temperature rise tendency of the nondimension thicknesses of the average conductive
sub-layer, y* cs.av, and those increase as the AT, increases.

5) The relationship between Jcsia/dcsLav and o &cst v, @and Bo/Bog, at a flow velocity from 4 to 21 m/s is
almost represented by one display formula shown below:

Bo

d =—o.18013|n[ﬂjln Bo,
- 357.24

Re, ) (67)

0.216561n
927.94

6) The transition to film boiling at the subcooled water flow boiling on the Pt test tube of =3 mm and
L=32.7 mm would occur due to the liquid sub-layer dry-out model [15-17] at the steady-state CHF.

7) Most of the steady-state CHF data at high liquid Reynolds number with 4.10 m/s<u<21.21 m/s (14 points)
are within -22.74 to -6.04 % differences of Egs. (68) and (69) for 94.34 K<AT,,,,<116.29 K and within
-19.81 to -6.21 % differences of Egs. (70) and (71) for 4.10 m/s<u<21.21 m/s and 134.70
K<AT,1,<1392.14 K.

8) The solutions of the model by Celata et al. [17], Hall and Mudawar correlation, Eq. (72), [33] and Shah

correlation for the LCC version, Eq. (73), [34, 35] are in good agreement with the experimental data for
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u=4 to 21 m/s within -21.10 to 0.49 % differences, -22.17 to 0.58 % differences and -19.20 to 6.16 %

differences, respectively.

NOMENCLATURE

Bo

=q/Ghy,, boiling number

Boe =qersuns/Ghy, boiling number at CHF point

C,, G, C;, Cy, Cs, Cs constants in Egs. (70) and (71)

Cp

d

Pr

specific heat at constant pressure, J/kgK
test tube inner diameter, m
Fanning friction factor
=pu, mass velocity, kg/m’s
latent heat of vaporization, J/kg
heated length, m
effective length, m
=hd/A,, nusselt number
=22064 kPa, critical pressure, kPa
pressure at inlet of heated section, kPa
pressure measured by inlet pressure transducer, kPa
pressure at outlet of heated section, kPa
pressure measured by outlet pressure
transducer, kPa

=Cpud A, Prandtl number

(Pr)tem Prandtl number evaluated at the calculated temperature of the first control volume on the heated

surface under forced convection

(Pr)temay Prandtl number evaluated at the average calculated temperature of the first control volume

Q

on the heated surface under forced convection

heat generation rate per unit volume, W/m®
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Qo initial exponential heat input, W/m?

q heat flux, W/m?

Gersubst  Steady-state CHF for subcooled condition, W/m?

Ra  average roughness, um

Req  =Gd/y4, Reynolds number

Rmax maximum roughness depth, um

Rz mean roughness depth, um

ri test tube inner radius, m

ro test tube outer radius, m

(4r)qcouter control volume width for r-component, m

TEM calculated temperature of the first control volume on the heated surface, K
TEM,, average calculated temperature of the first control volume on the heated surface, K

T water temperature, C

—|

average temperature of test tube, K

Tiav  average liquid temperature, K

Tin inlet liquid temperature, K

T, =(TintTow)/2, liquid bulk mean temperature, K
Towe  outlet liquid temperature, K

T, heater inner surface temperature, K

Tt Saturation temperature, K

Teo heater outer surface temperatures, K

Tsav average inner surface temperature, K

AT, =(Tsa-ToL), temperature difference between average inner surface temperature and liquid bulk mean
temperature, K

AT,y =TTy, inner surface superheat, K

u flow velocity, m/s
vy =y(zm)*°u, dimensionless normal-distance
coordinate
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yies. =(fe/2)° pudesi/ 4, non-dimensional thickness of local conductive sub-layer
Yiostar =(F/2)*° pudcs, a4, NON-dimensional thickness of average conductive sub-layer
yivst =(fe/2)"° pudesi/ 4, non-dimensional thickness of local viscous sub-layer
Yistar =(fe2)*° pudes, a4, non-dimensional thickness of average viscous sub-layer
z z-axis distance from the leading edge of the heated section, m

o conductive sub-layer on nucleate boiling heat transfer

Ocst =(Ar)ouw/2, thickness of local conductive sub-layer on forced convection

OcsLav =(Ar)eu/2, thickness of average conductive sub-layer on forced convection
ovs.  thickness of local viscous sub-layer on forced convection

OvsLav  thickness of average viscous sub-layer on forced convection

& rate of dissipation of turbulent energy, m%s°

M viscosity, Ns/m”

L,  Vviscosity at tube wall temperature, Ns/m*

v, =ulp, Kinematic viscosity of fluid, Ns m/kg

o density of fluid, kg/m®

7,  shear stress at the wall, N/m’

X vapor quality
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APPENDIX A

A.1l. Relationship between the heat transfer coefficient, A, and the thickness of the average conductive
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sub-layer, &si,a, ON forced convection

Figure 35 is shown typical example of the heat transfer coefficient curves (% vs. AT|) for the exponential
period, 7, of around 25 s on the Platinum test tube of @=3 mm and £=32.7 mm at the inlet liquid temperature,
Ti, of around 308.38 K and the flow velocities, u, of 4 and 13.3 m/s. At a constant flow velocity, the
experimental and numerical analysis results of the heat transfer coefficient are almost constant and agree
within +15 % difference, and they match the non-boiling forced convection curve derived from the
correlation, Eq. (74), up to the point where the heat transfer coefficient rapidly increases with the onset of

nucleate boiling.

A pa085 o04f L o H o 2

All properties of the equation are evaluated at the average bulk liquid temperature, T;, [=(TiH(Tou)ea)/2],
except z4,, Which is evaluated at the heater inner surface temperature. The heat transfer coefficient, 4, is

proportional to the reciprocal of the thickness of the conductive sub-layer, 1/5cs;, 4, [26].

h=05—"

(W/m’K) (75)

CSL ,av
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Figure and Table Captions

Fig. 1 Schematic diagram of experimental setup.

Fig. 2 Vertical cross-sectional view of 3 mm inner diameter test section.

Fig. 3 Result of SEM photograph of the inner surface of platinum (Pt) test tube of @=3 mm with the
commercial finish of inner surface.

Fig. 4 Measurement and data processing system.

Fig. 5 Physical model for numerical analysis.

Table 1 The values of the constants in the Chen-Kim k-¢ turbulence model [20].

Fig. 6 Liquid temperatures in the conductive sub-layer, dcs, based on numerically predicted data points
(solution of RANS equations) for d=3 mm and Z=32.7 mm test tube.

Fig. 7 Typical heat transfer processes on the Pt test tube of =3 mm and L=32.7 mm for =around 25 s with
u=4.0,6.9,9.9, 13.3, 17 and 21 m/s compared with numerical solutions of inner surface temperature.

Fig. 8 Average inner surface temperature, heat flux and inlet and outlet temperatures on the Pt test tube of
d=3 mm and L=32.7 mm for ¢g=3.01 MW/m* with 4=13.64 m/s and =25.27 s at the elapsed time of 138 s
compared with numerical solutions of TEM and inner surface temperature numerically analyzed by
Ocs.=6.52 um, and y*cs, s, Y vse and Prandtl numbers evaluated at TEM, (Pr)rgy, on forced convection.

Table 2 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, d¢sz, Oysi,
y*ese and y'ys., and Prandtl numbers evaluated at TEM, (Pr)7z, on forced convection for various T, with
g=3.01 MW/m’.

Fig. 9 Average inner surface temperature, heat flux and inlet and outlet temperatures on the Pt test tube of
d=3 mm and L=32.7 mm for ¢=5.18 MW/m* with 4=13.67 m/s and =25.27 s at the elapsed time of 150 s
compared with numerical solutions of TEM and inner surface temperature numerically analyzed by
Ocs.=6.52 um, and y*cst, s, Y vse and Prandtl numbers evaluated at TEM, (Pr)rgy, on forced convection.

Table 3 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, ¢sz, Oysi,
y'cse and y'ys, and Prandtl numbers evaluated at TEM, (Pr)7zy, on forced convection for various T, with
g=5.18 MW/m’.

Fig. 10 Average inner surface temperature, heat flux and inlet and outlet temperatures on the Pt test tube of

d=3 mm and L=32.7 mm for ¢4=8.91 MW/m* with 4=13.71 m/s and =25.27 s at the elapsed time of 163.2
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s compared with numerical solutions of TEM and inner surface temperature numerically analyzed by
Jcst=6.52 um, and y*csr, Svst, Y vse and Prandtl numbers evaluated at TEM, (Pr)rgv, on forced convection.

Table 4 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, ¢sz, Oysz,
y+05|_ and y+v5|_, and Prandtl numbers evaluated at TEM, (Pr)zz, on forced convection for various 7, with
g=8.91 MW/m’.

Fig. 11 Relationship between dcst oy and y " cg;.., for turbulent heat transfer numerically solved for circular
tube of d=3 mm and L=32.7 mm, and u.

Table 5 Relationship between &g, oy and y* s, 2y (47,=100 K) for turbulent heat transfer numerically solved
for Pt circular tubes of d=3 mm and L=32.7, 66.5 and 100 mm, and u.

Fig. 12 Heat transfer process on the Pt test tube of d=3 mm and L=32.7 mm for =23.52 s with u=4.22 m/s
compared with heat transfer curves numerically analyzed by Scs; =17.1 um, and y" cs; a Ovsiavm V. rsLav
and Prandtl numbers evaluated at TEM,,,, (Pr)zeysav» On forced convection.

Fig. 13 The relation between Prandtl number, Pr, and water temperature, 7.

Table 6 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcs,as
Ovst.av ¥ cstav a0d V' yss o, and Prandtl numbers evaluated at TEM,,, (Pr)7zy.a» on forced convection for
various A7 with u=4.222 m/s.

Fig. 14 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for =24.63 s with 4=7.31 m/s
compared with heat transfer curves numerically analyzed by &¢s; =10.59 pum, and y" cs; a SOvsrav V' rsLav
and Prandtl numbers evaluated at TEM,,,, (Pr)reusa» 0N forced convection.

Table 7 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcs,avs
Ovsiav ¥ cstav a0d V' yss av, and Prandtl numbers evaluated at TEM,,, (Pr)7zy.a, on forced convection for
various AT; with u=7.314 m/s.

Fig. 15 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for 7=24.90 s with #=10.41 m/s
compared with heat transfer curves numerically analyzed by dcs; =824 um, and ¥" cs; a Ovsiavm V' rsLav

and Prandtl numbers evaluated at TEM,,, (Pr)reusa, On forced convection.
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Table 8 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcs,a»
OVsL avs y+CSL,av and y+ vsi.av» and Prandtl numbers evaluated at TEM,,, (Pr)rey.qv, 00 forced convection for
various AT; with u=10.407 m/s.

Fig. 16 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for =25.27 s with ¥=13.72 m/s
compared with heat transfer curves numerically analyzed by dcs;, ,,=6.52 pm, and y+CSL,av, OvsL.avs y+ VSL.av
and Prandtl numbers evaluated at TEM,,,, (Pr)zes,av» On forced convection.

Table 9 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcs,a»
OVsL avs y+CSL,W and y" s, 4, and Prandtl numbers evaluated at TEM,,, (Pr) gy, on forced convection for
various A7, with u=13.715 m/s.

Fig. 17 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for 7=25.16 s with ¥=17.34 m/s
compared with heat transfer curves numerically analyzed by ¢y, ., =5.24 um, and y+CSL,,,v, OvsL.avs y+ VSL.av
and Prandtl numbers evaluated at TEM,,, (Pr)reusa» o0 forced convection.

Table 10 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz.av»
OvsL.avs y+CSL_aV and y" s, 4, and Prandtl numbers evaluated at TEM,,, (Pr) gy, on forced convection for
various A7; with u=17.340 m/s.

Fig. 18 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for 7=25.95 s with ¥=21.45 m/s
compared with heat transfer curves numerically analyzed by ¢y .,=3.48 um, and y+CSL,av, OvsL.avs y+ VSL.av
and Prandtl numbers evaluated at TEM,,,, (Pr)reusa» 0N forced convection.

Table 11 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz av»
OvsL.avs y+CSL_aV and y" s, v, and Prandtl numbers evaluated at TEM,,, (Pr) gy, on forced convection for
various A7, with u=21.446 m/s.

Fig. 19 Thickness of average conductive sub-layer, d¢s; o, and values of y" ¢g; o at AT, =100 K on the Pt test
tube of d=3 mm versus heated length, L, at various flow velocities.

Fig. 20 Relationship between &g, a and vy o at AT, =100 K for turbulent heat transfer numerically solved
for circular tube of d=3 mm and L=32.7 mm, and u.

Fig. 21 Thickness of average viscous sub-layer, dys;, 4, and values of y+VSL,aV at AT; =100 K on the Pt test

tube of d=3 mm versus heated length, L, for various flow velocities.
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Table 12 Relationship between &g av and y*vs ay @ AT;=100 K for turbulent heat transfer numerically solved
for Pt circular tubes of d=3 mm and L=32.7, 66.5 and 100 mm, and u.

Fig. 22 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for 7=23.52 s with ¥=4.22 m/s
compared with heat transfer curves numerically analyzed by dcsy v, =17.1 to 0.33 um.

Fig. 23 Heat transfer process on the Pt test tube of d=3 mm and L=32.7 mm for =24.63 s with u=7.31 m/s
compared with heat transfer curves numerically analyzed by dcsz. o, ~10.59 to 0.11 um.

Fig. 24 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for =24.90 s with ¥=10.41 m/s
compared with heat transfer curves numerically analyzed by ¢y, 4y, =8.24 to 0.09 um.

Fig. 25 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for =25.27 s with ¥=13.72 m/s
compared with heat transfer curves numerically analyzed by dcsz. v, =6.52 to 0.13 um.

Fig. 26 Heat transfer process on the Pt test tube of d=3 mm and L=32.7 mm for =25.16 s with u=17.34 m/s
compared with heat transfer curves numerically analyzed by dcsy v, =5.24 to 0.48 um.

Fig. 27 Heat transfer process on the Pt test tube of =3 mm and L=32.7 mm for 7=25.95 s with ¥=21.45 m/s
compared with heat transfer curves numerically analyzed by dcsy, 4, =3.48 to 0.25 um.

Fig. 28 Experimentally measured thicknesses of the conductive sub-layer on forced convection and nucleate
boiling heat transfer, d¢s. ., and J, vs. heat flux for Pt test tube of d=3 mm and L=32.7 mm with u=4 to 21
m/s.

Fig. 29 Relationship between Ics, ./ Ocst.av» O Ocsi.av and Bo/Bo,,. for Pt test tube of d=3 mm and L=32.7 mm
with u=4 to 21 m/s.

Fig. 30 g.,.sup.5: VS. AT 5,01, TOr an inner diameter of 3 mm with the heated length of 32.7 mm at an outlet
pressure of around 800 kPa.

Fig. 31 Ratios of CHF data for the inner diameter of 3 mm with the heated length of 32.7 mm to the values
derived from the outlet CHF correlation versus A7y, .., at outlet pressure of around 800kPa.

Fig. 32 g.,.up.s: VS. AT, for an inner diameter of 3 mm with the heated length of 32.7 mm at the inlet
pressures of 831.51 to 942.94 kPa.

Fig. 33 Ratios of CHF data for the inner diameter of 3 mm with the heated length of 32.7 mm to the values

derived from the inlet CHF correlation versus ATy, ;, at the inlet pressures of 831.51 to 942.94 kPa.
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Fig. 34 Comparison of CHF data for the THD-F173 Pt test tube of =3 mm and £=32.7 mm with the
commercial finish of inner surface with authors’ correlations, Egs. (68) and (69), solutions of Celata et.
al.’s liquid sub-layer dry-out model [17], Hall and Mudawar correlation, Eq. (72), [33] and Shah
correlation for LCC version, Eq. (73), [34, 35].

Fig. 35 Typical heat transfer processes (4 vs. AT;) on the Pt test tube of d=3 mm and L=32.7 mm for

r=around 25 s with #=4.0 and 13.3 m/s compared with numerical solutions of inner surface temperature.

39



ABSTRACT

1. INTRODUCTION

2. EXPERIMENTAL APPARATUS AND METHOD

3. NUMERICAL SOLUTION OF TURBULENT HEAT TRANSFER

3.1. RANS equations for k-& turbulence model with high Reynolds number form

3.2. Boundary conditions

3.3. Method of solution

4. RESULTS AND DISCUSSION

4.1. Experimental conditions and parameters used for calculation

4.2. Steady state heat transfer characteristics

4.2.1. Heat transfer curve

4.2.2. Thickness and nondimensional thickness of local conductive sub-layer, &cs. and y*cs., on forced
convection

4.2.3. Thickness and nondimensional thickness of local viscous sub-layer, &5 and y*vs., on forced
convection

4.2.4. Thickness and nondimensional thickness of average conductive sub-layer, 8¢s..q, and Y csi av, ON
forced convection

4.2.5. Thickness and nondimensional thickness of average viscous sub-layer, s a and Y'ysp a, ON
forced convection

4.2.5.1. In case of u=4.22 m/s

4.2.5.2. In cases of u=7.31, 10.41, 13.72, 17.34 and 21.45 m/s

4.2.5.3. Influence of heated length on &s av, Y cstav Svstav AN Y'yst av

4.2.6. Thickness of conductive sub-layer on nucleate boiling heat transfer,

4.3. Comparison of the Measured CHFs with Author’s Correlations, and Other Researchers’ CHF
Model and Correlations

5. CONCLUSIONS

NOMENCLATURE

ACKNOWLEDGMENTS

40



REFERENCES

APPENDIX A

A.1. Relationship between the heat transfer coefficient, 4, and the thickness of the average conductive

sub-layer, &si v, ON forced convection

41



Electro-
magnetic

Water Valve
Condenser

_|_

Pressurizer #qur:::i
Heater
Storage Pressure ) Controller
Tank Gauge Nitrogen
—_— -€z Gas
'.$_*. Water - Test Section
<] ] 1 + 4 &4
Expansion + + + +
Tank and Test
."_' Separator Tube
Water - Drainage By-pass Mmoo
t;1 Loop 2mm LU 1 Ly L
Safety Inner |3mm{|6mm ] 9mm fIZmm
Valve 1 A Diameter
Pressure lon i1l
m?Gauge Exchanger %| F—| %| %| %l
3

Pump *’lprg- | é—%
Drainage heater
Flow é t;EJ
Meter

Meter

¥ ¥

—

Degassing Flow direction

Fig. 1 Schematic diagram of experimental setup.

42

Oxygen| Equipment R

f



[=]
Y (Y]
d=3 [} 5
“‘Riﬁ?“ M~
S| ©
@a. N =T+
(=]
o™
SUS304 o | v
l\I'I'_I'I aon
Cu 7
il
; % 4!Test Tube
BL
v Cu
Gidittn T
a|
LURIEH
SUS304

I Flow direction §E

240

o
)

@: Thermocouple
(P): Pressure Gauge ?3

Cu :Copper-electrode-plate

& &

BL : Bakelite

20@2 187 @

L+459

|
®

Fig. 2 Vertical cross-sectional view of the 3 mm

inner diameter test section.

43




2

i LG
¥ o Pan

K ., _,'" W

Flow direction
h

Fig. 3 Result of SEM photograph of the inner
surface of platinum (Pt) test tube of d=3 mm
with the commercial finish of inner surface.

44



Heat Input Control Block

-FEH B E E BB E B B 8B BN & 8B 8B 8B 8B 5""B= =N
Electronic

1
] -
Heat Input Switch i |
I signal P 4 Amplifiert e, :
—3 o— Source
' . i (3000A, 35V) 1
1
]
[ Power I
1 g:;:‘tafﬁ Q rvattipierl<- Vi :
! Shut off T X (_SR .
1 Temperature Divider j=
— >Comparatoe—— "2 [<vy ||
- - O O O . . . W . . J
Data Processing Block Test Heater|Block
]
. Digital ' : ) '
' Computer 1 . Rs Vi 1
1 1
"I DA AD . ' '
I |Converter|| | |Converter| 1 R1 $R2,
' I VT
_|_, 1 Iz 1
1 1 M E é—b 1
| 1 [E}
1 . 1
! ' 2R3
1 1 R Test
! Tube I
1 ' 1 '
I Data Signal, 1 "
1 8 channels ' 1 '
I Display Printer 1 =
I 1 1

Fig. 4 Measurement and data processing system.

45



ex

Qa

Heated length

b

d 3mm

L 33 mm
Le 282 mm
Lex177 mm

Lts 492 mm

|® 60

Axis Grid No
r 2045

z 894

Fig. 5 Physical model for numerical analysis.

46



Table 1 The values of the constants in the Chen-Kim k-¢ turbulence model [20].

Ok O¢ Ot Cle C2e CSe C u

0.75 1.3 1.0 1.15 1.9 0.25 0.5478
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with 4=4.0, 6.9, 9.9, 13.3, 17 and 21 m/s compared
with numerical solutions of inner surface
temperature.
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Table 2 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, d¢sz, Oysz,
y'cse and y'yg, and Prandtl numbers evaluated at TEM, (Pr)zzy, on forced convection for various T, with

¢=3.01 MW/m’.
z (mm) 0.12 4.12 8.12 12.12 16.12 20.12 24.12 28.12 32.88
T, (K) 341.971 | 347.626 | 349.346 |350.429 |351.310 |351.989 |352.618 |353.188 | 353.794
(Pr)mem 45466 |3.9375 |3.779 3.685 36116 |3.5569 |3.5076 |3.4641 |3.4189
Scsy (nm) | 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52
Sy (um) | 10.8013 | 10.2957 | 10.1557 | 10.0707 | 10.0034 | 9.9526 [9.9064 |9.8653 | 9.8222
y'est 8.224 9.1995 [9.5023 |9.6941 |9.851 9.9723 |10.0851 | 10.1874 | 10.2966
v st 13.6241 | 14.5269 | 14.8009 | 14.9735 | 15.1141 | 15.2226 | 15.3232 | 15.4144 | 155116
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Table 3 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, d¢sz, Oysz,
y'cse and y'yg, and Prandtl numbers evaluated at TEM, (Pr)zzy, on forced convection for various T, with

g=5.18 MW/m’.
z (mm) 0.12 4.12 8.12 12.12 16.12 20.12 24.12 28.12 32.88
T, (K) 364.297 | 373.443 | 376.216 | 378.115 |379.541 |380.762 | 381.834 |382.777 | 383.826
(Pr)mem 44238 [35122 [3.3019 |[3.1724 |[3.0821 [3.0092 |29485 |2.8974 |2.843
Scsy (nm) | 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52
Sy (um) | 107032 [9.9108 [9.7089 |9.5802 |9.4885 |[9.4131 [9.3493 [9.295 9.2365
y'est 8.3845 | 10.0549 | 10.5741 |10.9324 |11.2028 | 11.4352 | 11.64 11.8206 | 12.0221
v st 13.764 | 15.2841 | 15.7458 | 16.0635 | 16.3033 | 16.5094 | 16.6911 | 16.8516 | 17.031

53




1

(PP)rem, Gx10° (W/m?)

[ T T T T T
N __ZOE -
- 1 35
u i 3 2
3 15 A"
- 1 & 2
E 1 e
- i D >
N 4108 S
— ] >
E T £+8
— N O >
[ g T ] 83+°
_—Tin Tf out ] w0 >
C ] | L ] | ]
0 0.01 0.02 0.03 0.6)4
z (m)

Experimental Data
Elapsed time:1623.25
0=8.9059 MW/m

P;,=854.89 kPa
P,t=826.71 kPa
u=13.714 m/s
1=25.266
. Ts,av
—q
B T;,,and Ty,
- — It
Numerical Solution
m110-TEM-66 s
TS’ Ts,av
= =q
TEM
Tf,av
— dcsL A SCSL,aV
= —dvs, ¥ dvsLav
— (PNrem
—Y,csLs Y,csLav

" Ywvsu, ¥ Y vsLav

8ys. =85 X(PPrem ™
VSL=OCsL TEM

Y vsL=Y CSLX(Pr)TEMlB
for (Prepm>1

Fig. 10 Average inner surface temperature, heat flux

and inlet and outlet temperatures on the Pt test tube

of d=3 mm and L=32.7 mm for 4=8.91 MW/m? with
u=13.71 m/s and 7=25.27 s at the elapsed time of

163.2 s compared with numerical solutions of TEM
and inner surface temperature numerically analyzed

by dcs.=6.52 um, and y* sy, Svst, Y vsL and Prandtl
numbers evaluated at TEM, (Pr)gwm, on forced

convection.

54




Table 4 Thicknesses and nondimensional thicknesses of local conductive and viscous sub-layers, d¢sz, Oysz,
y'cse and y'yg, and Prandtl numbers evaluated at TEM, (Pr)zzy, on forced convection for various T, with

¢=8.91 MW/m’.
z (mm) 0.12 4.12 8.12 12.12 16.12 20.12 24.12 28.12 32.88
T, (K) 401.501 |415.918 |420.543 |423.704 |426.323 | 428.404 | 430319 |432.139 | 433.989
(Pr)mem 42281 29713 [27236 |25831 |24812 |24084 |[23469 |2.2929 |2.2419
Scsy (nm) | 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52
Sy (um) | 10.5429 | 9.3734 [ 9.1053 | 8.946 8.8268 |8.7396 |8.6646 |8.5976 | 8.5334
y'est 8.6573 | 11.5249 | 12.4621 |13.1049 | 13.6389 | 14.0632 | 14.454 | 14.8255 | 15.2029
v st 13.9989 | 16.5686 | 17.4036 | 17.9811 | 18.4643 | 18.8507 | 19.2083 | 19.5496 | 19.8976
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turbulent heat transfer numerically solved for circular
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Table 5 Relationship between &g and y*csi av (4T =100 K) for turbulent heat transfer numerically solved
for Pt circular tubes of d=3 mm and L=32.7, 66.5 and 100 mm, and u.

d=3mm
L=32.7mm L =66.5mm L =100 mm
U (M/s) | Sestav (UM) | Y estar (ATL= | U(MYS) | Sosiaw (WM) | Yiostar (ATL= | U(M/S) | GosLar (UM) | Y csta (ATL=
100 K) 100 K) 100 K)

4222 |17.1 11.58 4.14 18.1 11.05 4343 | 16.38 12.85

7.314 | 10.59 11.68 7.47 10.35 11.20 7.713 |9.32 12.41

10.407 | 8.24 12.44 1040 |8.01 11.76 10.497 | 7.56 13.09

13.715 | 6.52 12.67 13.83 | 6.52 12.46 14123 | 5.71 13.19

17.340 | 5.24 13.00 1757 |5.24 13.79 17.833 | 4.25 12.77

21.446 | 3.48 11.43 21.39 |3.48 12.36 21.787 | 3.48 13.14
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Table 6 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz,a»

Svstav Y csLav and Y yst av, and Prandtl numbers evaluated at TEMay, (Pr)7zya» 00 forced convection for

various A7, with u=4.222 m/s.

AT, (K) 8.8771 | 20.0638 | 34.4825 | 45.1621 | 59.109 | 77.2873 | 100.968 | 171.972 | 263.548
(PPemar | 43085 | 40407 | 3.7302 | 3.5237 |3.2815 |3.0088 |2.7163 |2.1439 | 1.7292
Seste (um) | 17.10 [ 17.10 | 17.10  |[17.10 | 17.10 |17.10 | 17.10 |17.10 | 17.10
Sysar (um) | 27.8251 | 272363 | 26.52 | 26.0214 | 25.4109 | 24.6866 | 23.8592 | 22.0495 | 20.5248
Vestan 8.0047 |8.407 |8.9418 |9.3492 |9.8962 | 10.6314 | 11.626 | 14.8068 | 19.1181
3 vstan 13.0253 | 13.3905 | 13.8677 | 14.2269 | 14.7059 | 15.3481 | 16.2214 | 19.0926 | 22.9471
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Table 7 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz,a»

Syst.av ¥ csLav and Yy ay, and Prandtl numbers evaluated at TEMay, (Pr) 7z, on forced convection for

various A7; with u=7.314 m/s.

ATy (K) 9.6624 | 21.5579 | 36.731 | 47.9073 | 62.4326 | 81.2909 | 105.774 | 137.546 | 161.016
(Pr)remav 45099 |4.1811 | 3.809 3.5659 | 3.2866 | 2.9792 | 2.6589 |2.3481 |2.1739
Ocst.av (Lm) | 10.59 10.59 10.59 10.59 10.59 10.59 10.59 10.59 10.59
Orsr.ay (um) | 17.4965 | 17.0606 | 16.5387 | 16.1791 | 15.7451 | 15.2381 | 14.6712 | 14.0757 | 13.7187
V' estav 7.7806 | 8.2442 | 8.8581 |9.3268 |9.9551 | 10.8011 | 11.9488 | 13.5071 | 14.6991
Y vstav 12.8549 | 13.2814 | 13.8338 | 14.2492 | 14.801 | 15.5418 | 16.5537 | 17.9529 | 19.0418
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Table 8 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz,a»
OvsL.avs y+CSL,a\, and y+VSL,a\,,and Prandtl numbers evaluated at TEM,y, (P7)7£u4» On forced convection for
various A7; with u=10.407 m/s.

AT, (K) 9.3549 | 20.3269 | 34.0378 | 56.874 | 85.5848 | 110.4057 | 142.3623 | 183.4739 | 236.657

(Pr)remay | 45135 | 42057 | 3.8608 | 3.3754 | 2.9017 | 2.5913 2.2939 2.0252 1.7709

Ocs, (um) | 8.24 8.24 8.24 8.24 8.24 8.24 8.24 8.24 8.24

Oys (um) | 13.6176 | 13.3007 | 12.9267 | 12.3605 | 11.7529 | 11.3179 | 10.8673 | 10.4252 | 9.9691

V' estav 8.2378 | 8.6956 | 9.2884 | 10.3258 | 11.7124 | 12.9791 | 14.6856 | 16.9542 | 19.9446

Y vsta 13.6139 | 14.036 | 14.5713 | 15.4894 | 16.7057 | 17.8273 | 19.368 21.4504 | 24.1299
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Fig. 16 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =25.27 s with u=13.72
m/s compared with heat transfer curves numerically
analyzed by &s2,=6.52 um, and y* csp av, SvsLavs

Y vsLav and Prandtl numbers evaluated at TEM,,,
(Pr)tem,av, on forced convection.
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Table 9 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz,a»

OvsL.avs y+CSL,a\, and y+VSL,a\,, and Prandtl numbers evaluated at TEM,y, (Pr) 7z 4, on forced convection for
various A7; with u=13.715 m/s.

AT, (K) 8.7412 | 18.8952 | 40.7257 | 67.7723 | 87.3365 | 112.4952 | 144.8354 | 186.3589 | 216.8861
(PP)ievar | 44738 | 4.1899 | 3.66 31391 |2.842 |25394 |22515 |1.9914 |1.8419
Scstan (M) | 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52 6.52

Syste (um) | 10.743 | 105111 | 10.0479 | 9.5466 |9.2354 |8.8952 | 85455 |8.2029 | 7.9923
Vst 8.3465 |8.7768 |9.747 | 11.0303 | 12.0096 | 13.3272 | 15.0969 | 17.4358 | 19.1847
Y st 13.753 | 14.1494 | 15021 |16.1505 | 17.0112 | 18.1823 | 19.7869 | 21.9361 | 23.5168
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Fig. 17 Heat transfer process on the Pt test tube of d=3
mm and L=32.7 mm for =25.16 s with ©=17.34 m/s
compared with heat transfer curves numerically
analyzed by &csa=5.24 um, and Y csi av, SvsLav Y veLav
and Prandtl numbers evaluated at TEM,y, (Pr)tem,ay, On
forced convection.
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Table 10 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz. v

Syst.av ¥ csLav and Yy ay, and Prandtl numbers evaluated at TEMay, (P) 7z, on forced convection for

various A7T; with u=17.340 m/s.

AT}, (K) 8.8986 | 19.168 |41.1738 | 53.0741 | 68.3772 | 88.054 | 113.3709 | 145.8645 | 169.629
(PP | 4378 | 40802 | 35338 | 3.2857 |3.0099 | 27174 |24249 |2.1526 | 2.0017
Scst.ar (m) | 5.24 5.24 5.24 5.24 5.24 5.24 5.24 5.24 5.24

Syse(um) | 85721 | 83732 | 7.9814 |7.7901 |7.5657 |7.3123 |7.0398 | 6.7658 | 6.6039
Vst 8.3610 |8.8272 |9.8758 | 10.4707 | 11.2632 | 12.3254 | 13.7574 | 15.6648 | 17.0878
Y st 13.6793 | 14.1054 | 15.0424 | 15.5664 | 16.2623 | 17.1997 | 18.4827 | 20.2261 | 21.5354
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Fig. 18 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =25.95 s with u=21.45
m/s compared with heat transfer curves numerically
anaIyZEd by é‘CSL,av:3-4'8 um, and y+CSL,av, 5\/SL,av,

Y vsLav and Prandtl numbers evaluated at TEM,,,
(Pr)temsav, on forced convection.
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Table 11 Thicknesses and nondimensional thicknesses of average conductive and viscous sub-layers, dcsz, v

OVSL avs y+CSL,a\, and y+VSL,a\,, and Prandtl numbers evaluated at TEM,y, (Pr) 7z 4, on forced convection for
various A7; with u=21.446 m/s.

AT, (K) 149183 | 29.1945 | 456221 | 71.2104 | 111.1483 | 138.9803 | 173.899 | 217.9148 | 249.9649
(Pr)ressa 3.9454 | 35406 |3.154 |2.6933 |22221 |20032 |1.7898 |15534 | 1.3857
Scspay (um) | 3.48 3.48 3.48 3.48 3.48 3.48 3.48 3.48 3.48

Sysie(um) | 54989 | 5304 | 51035 |4.8418 |45412 | 43869 |4.2252 |4.0303 |3.8797
Vst 72174 | 7.8567 |8.6295 |9.9046 |12.0442 |13.6154 | 15.6242 | 18.1409 | 19.9283
Y st 11.4045 | 11.9747 | 12.6553 | 13.7806 | 15.7168 | 17.1635 | 18.9699 | 21.0098 | 22.2172

70




+
Y csLav

dcsLav (HM)

100 — —

+

L I ]
- Numerical S(l)lution dcsLavy csLavU .
[ d=3mm O O 40m/s |
50 L=32.7,665&100mm ® @ £59m/s —
- L/d=10.9,22.17 & 33.3 A A 99m/s 4
| P;,=834.04-1013.66 kPa A A 133 m/s
T;=300.23-312.29 K O 0O 17.0m/s
| 1=25.18s B B 210m/s |

Eigéé
o DN A s
[ ] O & _
| [m] i
i ] ] ] |
(Y "csLav: AT =100 K)
— Eg.(50)
—Eqg.(51)
1 1 1 | 1 1 1 1 | 1
50 100
L (mm)

Fig. 19 Thickness of average conductive sub-layer,
ScsLav, and values of y* g 4 at AT, =100 K on the Pt
test tube of d=3 mm versus heated length, L, for
various flow velocities.
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Fig. 20 Relationship between Sys o and y'ys oy at AT,
=100 K for turbulent heat transfer numerically solved
for circular tube of d=3 mm and L=32.7 mm, and u.
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Fig. 21 Thickness of average viscous sub-layer,
SsLav, and values of y*yg o at AT, =100 K on the Pt
test tube of d=3 mm versus heated length, L, for
various flow velocities.
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Table 12 Relationship between s o, and y*ys av @ AT =100 K for turbulent heat transfer numerically solved
for Pt circular tubes of d=3 mm and L=32.7, 66.5 and 100 mm, and u.

d=3mm
L=32.7 mm L =66.5 mm L =100 mm
u(m/s) | Susav (Um) | Y vsLay (ATL= | U(MYS) | Syspav (M) Y st (ATL= | U (M/S) | Syspa (um) Y vsLav (ATL=
(AT, =100 K) | 100 K) (4T =100 K) | 100 K) (4T =100 K) | 100 K)

4222 24.230193 16.408516 4.14 26.633434 16.259638 4.343 | 22.063833 17.308929
7.314 15.005716 16.550213 7.47 14.922306 16.147809 7.713 | 12.45392 16.582955
10.407 | 11.65116 17.589857 10.40 | 11.477485 16.85084 10.497 | 10.135865 17.550062
13.715 | 9.1809171 17.840831 13.83 | 9.2871019 17.748051 14.123 | 7.568781 17.483751
17.340 | 7.267637 18.030397 17.57 | 7.1335171 18.77313 17.833 | 5.5056522 16.542866
21.446 | 4.650176 15.273423 21.39 | 4.4991537 15.979753 21.787 | 4.4135627 16.665004
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Fig. 22 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =23.52 s with u=4.22
m/s compared with heat transfer curves numerically
analyzed by dcs av, 0=17.1t0 0.33 pum.
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Fig. 23 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =24.63 s with
u=7.31 m/s compared with heat transfer curves
numerically analyzed by d&cs a, =10.59 t0 0.11

um.
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Fig. 24 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =24.90 s with
u=10.41 m/s compared with heat transfer curves
numerically analyzed by d&cs a, 6=8.24 t0 0.09

um.
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Fig. 25 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =25.27 s with
u=13.72 m/s compared with heat transfer curves
numerically analyzed by s av, =6.52 10 0.13

pm.
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Fig. 26 Heat transfer process on the Pt test tube of
d=3 mmand L=32.7 mm for =25.16 s with
u=17.34 m/s compared with heat transfer curves
numerically analyzed by dcsi av, =5.24 to 0.48

pm.
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Fig. 27 Heat transfer process on the Pt test tube of
d=3 mm and L=32.7 mm for =25.95 s with

- - - Eq. (39)

SF6557
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um.
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Fig. 28 Experimentally measured thicknesses of
the conductive sub-layer on forced convection and
nucleate boiling heat transfer, dcs .y and 9, vs. heat
flux for Pt test tube of d=3 mm and L=32.7 mm
with u=4 to 21 m/s.
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Fig. 29 Relationship between dcsi av/ Scst av,
Ol &csiay @nd Bo/Bo,, for Pt test tube of d=3 mm
and L=32.7 mm with u=4 to 21 m/s.
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Fig. 30 Qersunst VS. ATsunout fOr an inner diameter of
3 mm with the heated length of 32.7 mm at an
outlet pressure of around 800 kPa.
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Fig. 31 Ratios of CHF data for the inner diameter
of 3 mm with the heated length of 32.7 mm to the
values derived from the outlet CHF correlation
versus ATgp o at outlet pressure of around 800kPa.
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Fig. 32 Qersunst VS. ATsupin fOr an inner diameter of
3 mm with the heated length of 32.7 mm at the
inlet pressures of 831.51 to 942.94 kPa.
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Fig. 33 Ratios of CHF data for the inner diameter
of 3 mm with the heated length of 32.7 mm to the
values derived from the inlet CHF correlation
versus ATgyin at the inlet pressures of 831.51 to
942.94 kPa.
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Fig. 34 Comparison of CHF data for the THD-F173
Pt test tube of d=3 mm and L=32.7 mm with the
commercial finish of inner surface with authors’
correlations, Egs. (68) and (69), solutions of Celata
et. al.’s liquid sub-layer dry-out model [17], Hall
and Mudawar correlation, Eq. (72), [33] and Shah
correlation for LCC version, Eq. (73), [34, 35].
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Fig. 35 Typical heat transfer processes (h vs. AT)
on the Pt test tube of d=3 mm and L=32.7 mm for
=around 25 s with #=4.0 and 13.3 m/s compared
with numerical solutions of inner surface
temperature.
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