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Abstract 

The steady-state turbulent heat transfer (THT) due to exponentially increasing heat inputs with 
various exponential periods (Q=Qoexp(t/z), z=6.55 to 21.81 s) were systematically measured 
with the flow velocities, u, of 4.15, 7.05, 10.07 and 13.50 m/s by an experimental water loop 
flow. Measurements were made on a 6 mm inner diameter, a 59.2 mm effective length and a 0.4 
mm thickness of HORIZONTAL Platinum (Pt) circular test tube. The relation between the 
steady-state turbulent heat transfer and the flow velocity were clarified. The steady state nucleate 
boiling heat transfer (NBHT) and the steady state critical heat fluxes (CHFs) of the subcooled 
water flow boiling for HORIZONTAL SUS304 circular test tube were systematically measured 
with the flow velocities (u=3.94 to 13.86 m/s), the inlet subcoolings (ATsub,in=81.30 to 147.94 K), 
the inlet pressures (P1 786.29 to 960.93 kPa) and the increasing heat input (Q0 exp(t/z), 2=8.36 
s). The HORIZONTAL SUS304 test tube of inner diameter (d=6 mm), heated length (L=59.4 
mm), effective length (Leff -48.4 mm), Lid (=9.9), Le/d (=8.06) and wall thickness (60.5 mm) 
with surface roughness (Ra=3.89 µ,m) was used in this work. The NBHT and the steady state 
CHFs of the subcooled water flow boiling for the HORIZONTAL SUS304 test tube were 
clarified at the flow velocities u ranging from 3.94 to 13.86 m/s. The steady-state THT data, the 
NBHT ones and the steady state CHF ones were compared with the values calculated by authors' 
THT correlation, their NBHT ones and their transient CHF ones against outlet and inlet 
subcoolings based on the experimental data for the VERTICAL circular test tubes with the flow 
velocities u ranging from 4.0 to 42.4 m/s. The influences of test tube orientation on the THT, the 
NBHT and the subcooled flow boiling CHF are investigated into details and the widely and 
precisely predictable correlations of the THT, the NBHT and the transient CHFs against outlet 
and inlet subcoolings in a short HORIZONTAL circular test tube are derived based on the 
experimental data. The THT correlation, the NBHT ones and the transient CHF ones for the 
HORIZONTAL test tube can describe the THT data, the NBHT ones and the subcooled flow 
boiling CHF ones for the wide ranges of AT. -,sub,in, u and z obtained in this work within ±15 % 
difference. 
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Abstract 

The steady-state turbulent heat transfer (THT) due to exponentially increasing heat inputs with 
various exponential periods (Q=Q0exp(t/τ), τ=6.55 to 21.81 s) were systematically measured 
with the flow velocities, u, of 4.15, 7.05, 10.07 and 13.50 m/s by an experimental water loop 
flow. Measurements were made on a 6 mm inner diameter, a 59.2 mm effective length and a 0.4 
mm thickness of HORIZONTAL Platinum (Pt) circular test tube. The relation between the 
steady-state turbulent heat transfer and the flow velocity were clarified. The steady state nucleate 
boiling heat transfer (NBHT) and the steady state critical heat fluxes (CHFs) of the subcooled 
water flow boiling for HORIZONTAL SUS304 circular test tube were systematically measured 
with the flow velocities (u=3.94 to 13.86 m/s), the inlet subcoolings (ΔTsub,in=81.30 to 147.94 K), 
the inlet pressures (Pin=786.29 to 960.93 kPa) and the increasing heat input (Q0 exp(t/τ), τ=8.36 
s). The HORIZONTAL SUS304 test tube of inner diameter (d=6 mm), heated length (L=59.4 
mm), effective length (Leff=48.4 mm), L/d (=9.9), Leff/d (=8.06) and wall thickness (δ=0.5 mm) 
with surface roughness (Ra=3.89 μm) was used in this work. The NBHT and the steady state 
CHFs of the subcooled water flow boiling for the HORIZONTAL SUS304 test tube were 
clarified at the flow velocities u ranging from 3.94 to 13.86 m/s. The steady-state THT data, the 
NBHT ones and the steady state CHF ones were compared with the values calculated by authors' 
THT correlation, their NBHT ones and their transient CHF ones against outlet and inlet 
subcoolings based on the experimental data for the VERTICAL circular test tubes with the flow 
velocities u ranging from 4.0 to 42.4 m/s. The influences of test tube orientation on the THT, the 
NBHT and the subcooled flow boiling CHF are investigated into details and the widely and 
precisely predictable correlations of the THT, the NBHT and the transient CHFs against outlet 
and inlet subcoolings in a short HORIZONTAL circular test tube are derived based on the 
experimental data. The THT correlation, the NBHT ones and the transient CHF ones for the 
HORIZONTAL test tube can describe the THT data, the NBHT ones and the subcooled flow 
boiling CHF ones for the wide ranges of ΔTsub,in, u and τ obtained in this work within ±15 % 
difference. 
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Introduction 

The knowledge of the turbulent heat transfer (THT), the nucleate boiling heat transfer (NBHT) 
and the critical heat fluxes (CHFs) in subcooled water flow for HORIZONTAL circular test tube 
is important for the design of a helical type divertor plate in a nuclear fusion facility. The 
influence of test tube orientation on THT, NBHT and CHF in subcooled water flow will be 
immediately supposed to be applied to thermal analysis of the divertor of a helical type fusion 
experimental device which is Large Helical Device (LHD) located in National Institute for 
Fusion Science (NIFS), Japan. Many researchers have experimentally studied the THT, the 
NBHT and the steady state CHFs uniformly heated on the VERTICAL circular test tube by a 
steadily increasing current and given the correlations for calculating THT, NBHT and CHFs on 
the VERTICAL circular test tube [1-20]. Sawan and Santoro [21] have performed three-
dimensional neutronics calculations to determine the detailed spatial distribution of the nuclear 
parameters in the divertor cassettes used in ITER as shown in Fig. 1. The largest heating and 
damage occurs in the central dome which has full view of the plasma, not outer vertical target. 
The power density in the tungsten plasma facing material at the central dome is 16.4 W/cm3. The 
channel in the central dome is a horizontal orientation. 

We have systematically measured the turbulent heat transfer coefficients for the flow velocities 
(u=4.0 to 21 m/s), the inlet liquid temperatures (Tin=296.5 to 353.4 K), the inlet pressures 
(Pi1,,=810 to 1014 kPa) and the increasing heat inputs (Q=Q0 exp(t/r), r=10, 20 and 33.3 s) by an 
experimental water loop. The VERTICAL Platinum test tubes of inner diameters (d=3, 6 and 9 
mm), heated lengths (L=32.7 to 100 mm), ratios of heated length to inner diameter (LId=5.51 to 
33.3) and wall thickness (50.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 p.m) 
were used. The influence of Reynolds number (Red), Prandtl number (Pr), dynamic viscosity (pi) 
and Lid on the turbulent heat transfer was investigated into details and, the widely and precisely 
predictable correlation of the turbulent heat transfer for heating of water in a short vertical tube 
was given based on the experimental data [22]. 

Nud = 0.02 Rer tt4 
( pi yu 

(1) 

All properties in the equation are evaluated at the liquid bulk mean temperature, TL, 
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Fig. 1 Three plasma-facing components of ITER divertor (http://www.iter.org/mach/divertor) 
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1. Introduction 

The knowledge of the turbulent heat transfer (THT), the nucleate boiling heat transfer (NBHT) 
and the critical heat fluxes (CHFs) in subcooled water flow for HORIZONTAL circular test tube 
is important for the design of a helical type divertor plate in a nuclear fusion facility. The 
influence of test tube orientation on THT, NBHT and CHF in subcooled water flow will be 
immediately supposed to be applied to thermal analysis of the divertor of a helical type fusion 
experimental device which is Large Helical Device (LHD) located in National Institute for 
Fusion Science (NIFS), Japan. Many researchers have experimentally studied the THT, the 
NBHT and the steady state CHFs uniformly heated on the VERTICAL circular test tube by a 
steadily increasing current and given the correlations for calculating THT, NBHT and CHFs on 
the VERTICAL circular test tube [1-20]. Sawan and Santoro [21] have performed three-
dimensional neutronics calculations to determine the detailed spatial distribution of the nuclear 
parameters in the divertor cassettes used in ITER as shown in Fig. 1. The largest heating and 
damage occurs in the central dome which has full view of the plasma, not outer vertical target. 
The power density in the tungsten plasma facing material at the central dome is 16.4 W/cm3. The 
channel in the central dome is a horizontal orientation.  
 
We have systematically measured the turbulent heat transfer coefficients for the flow velocities 
(u=4.0 to 21 m/s), the inlet liquid temperatures (Tin=296.5 to 353.4 K), the inlet pressures 
(Pin=810 to 1014 kPa) and the increasing heat inputs (Q=Q0 exp(t/τ), τ=10, 20 and 33.3 s) by an 
experimental water loop. The VERTICAL Platinum test tubes of inner diameters (d=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 (δ=0.3, 0.4 and 0.5 mm) with surface roughness (Ra=0.40 to 0.78 μm) 
were used. The influence of Reynolds number (Red), Prandtl number (Pr), dynamic viscosity (μl) 
and L/d on the turbulent heat transfer was investigated into details and, the widely and precisely 
predictable correlation of the turbulent heat transfer for heating of water in a short vertical tube 
was given based on the experimental data [22].  
 

14.0

w

l
08.0

4.085.0
dd d

LPrRe02.0Nu ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠

⎞
⎜
⎝

⎛
=

−

μ
μ        (1) 

 
All properties in the equation are evaluated at the liquid bulk mean temperature, TL,  
 
 
 
 
 
 
 
 
 
 
 
 
 

Inner Vertical Target 

Outer Vertical Target 

Central Dome 

Fig. 1 Three plasma-facing components of ITER divertor (http://www.iter.org/mach/divertor) 



The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NIJRETH-14) Log Number: 098 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

[=(Tin-F(Tout)cal , )/2], except pw, 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 heater inner surface temperature and liquid bulk mean 
temperature (A71=5 to 140 K) with d=3, 6 and 9 mm, L=32.7 to 100 mm and u=4.0 to 21 m/s 
within ±15 % difference. 

For many years we have already measured the transient CHFs by exponentially increasing heat 
input (Q0 exp (t/ z), z=16.8 ms to 23 s), ramp-wise one (Q=at, a=6.21x 108 to 1.63x 1012 W/m3s) 
and stepwise one (Q=Qs, Qs=2.95x 1010 to 7.67x 1010 W/m3) 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 (Pout=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 [23-38]. And furthermore, we have given the transient CHF correlations against 
outlet and inlet subcoolings based on the effects of test tube inner diameter (d), flow velocity (u), 
outlet and inlet subcoolings (ATsub,out and AT sub ,in), ratio of heated length to inner diameter (L/d) 
and non-dimensional reduced time, (copuff6lg/(priog)I 5) on CHF. 

Outlet subcooling: 

Bo= 0.082D *-al We-613( L i al Sca7 x(1+ 6.34 t*-6t6 ) 

for ATsub,out 30 K and u13.3 m/s 

Bo= 0.0523D *-°.15 we-0.25 L SC0.7 X( 1 + 6.34t * -0.6 ) 

for ATsub,out30 K and u>13.3 m/s 
Inlet subcooling: 

j01 
(L/d) 

1 -03 d4Bo= CiD*-a We (-d e c2 Re Sc*c3 x(1+11.4 t* -a6) 

for AT sub,in 40 K and ti 13.3 m/s 
L/d)

Bo= C4D*-a15 we-a25 _ al 
( 

e c 5 Rea5 Sc*c.6 x(1+11.4t*-a6) 

for AT sub ,in 40 K and u>13.3 m/s 

where C1=0.082, C2=0.53 and C3=0.7 for LkLaround 40 and C1=0.092, C2=0.85 and C3=0.9 for 
L/d>around 40. C4=0.0523, C5=0.144 and C6=0.7 for LkLaround 40 and C4=0.0587, C5=0.231 
and C6=0.9 for L/d>around 40. Bo, D*, We, Sc, Sc* and t* are boiling number (=q,r,sub/Ghfg), 
non-dimensional diameter [D*= d/{o-/g/(prpg)}"], Weber number (=G2 d/ pp), non-dimensional 
outlet subcooling (=cp/ATsub,ournifg), non-dimensional inlet subcooling (Sc*=cp/ATsukin /hfg) and 
the non-dimensional reduced time [e=copuff6lg/(priog)15] respectively. The reduced times, con, 
for exponentially increasing heat input, ramp-wise one and stepwise one are z-, tc,./2 and tcr, 
respectively. Saturated thermo-physical properties were evaluated at the outlet pressure. Most of 
the data for the exponentially increasing heat input (3194 points), the ramp-wise one (208 points) 
and the stepwise one (105 points) are within ±15 % difference of Eqs. (2), (3), (4) and (5), 
respectively. Meanwhile, other workers' CHF data [12,15,16] are widely distributed with no 
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[=(Tin+(Tout)cal)/2], except μw, 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 heater inner surface temperature and liquid bulk mean 
temperature (ΔTL=5 to 140 K) with d=3, 6 and 9 mm, L=32.7 to 100 mm and u=4.0 to 21 m/s 
within ±15 % difference.  
 
For many years we have already measured the transient CHFs by exponentially increasing heat 
input (Q0 exp(t/τ), τ=16.8 ms to 23 s), ramp-wise one (Q=αt, α=6.21×108 to 1.63×1012 W/m3s) 
and stepwise one (Q=Qs, Qs=2.95×1010 to 7.67×1010 W/m3) 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 (Pout=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 [23-38]. And furthermore, we have given the transient CHF correlations against 
outlet and inlet subcoolings based on the effects of test tube inner diameter (d), flow velocity (u), 
outlet and inlet subcoolings (ΔTsub,out and ΔTsub,in), ratio of heated length to inner diameter (L/d) 
and non-dimensional reduced time, (ωpu/{σ/g/(ρl-ρg)}0.5) on CHF.  
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where C1=0.082, C2=0.53 and C3=0.7 for L/d≤around 40 and C1=0.092, C2=0.85 and C3=0.9 for 
L/d>around 40. C4=0.0523, C5=0.144 and C6=0.7 for L/d≤around 40 and C4=0.0587, C5=0.231 
and C6=0.9 for L/d>around 40. Bo, D*, We, Sc, Sc* and t* are boiling number (=qcr,sub/Ghfg), 
non-dimensional diameter [D*=d/{σ/g/(ρl-ρg)}0.5], Weber number (=G2d/ρlσ), non-dimensional 
outlet subcooling (=cplΔTsub,out/hfg), non-dimensional inlet subcooling (Sc*=cplΔTsub,in /hfg) and 
the non-dimensional reduced time [t*=ωpu/{σ/g/(ρl-ρg)}0.5] respectively. The reduced times, ωp, 
for exponentially increasing heat input, ramp-wise one and stepwise one are τ, tcr/2 and tcr, 
respectively. Saturated thermo-physical properties were evaluated at the outlet pressure. Most of 
the data for the exponentially increasing heat input (3194 points), the ramp-wise one (208 points) 
and the stepwise one (105 points) are within ±15 % difference of Eqs. (2), (3), (4) and (5), 
respectively. Meanwhile, other workers' CHF data [12,15,16] are widely distributed with no 
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systematic tendency in the whole experimental range, although most of authors' CHF data are 
within ±15 % difference of authors' CHF correlations for ATsub,out 30 K and ATsub,i„40 K. 

The objectives of present study are fivefold. First is to measure the THT, the NBHT and the 
steady state CHFs for HORIZONTAL Pt and SUS304 circular test tubes with wide ranges of 
inlet subcoolings (AT sub,in), flow velocities (u) and exponential periods (z). Second is to compare 
with the THT data, the NBHT ones and the steady state CHF ones for the VERTICAL Pt and 
SUS304 test tubes at the flow velocities u ranging from 4.0 to 13.3 m/s previously obtained. 
Third is to clarify the influence of test tube orientation on the THT, the NBHT and the subcooled 
flow boiling CHF. Fourth is to derive the correlations of the THT, the NBHT and the steady state 
CHF in a short HORIZONTAL test tube based on the experimental data. Fifth is to discuss the 
mechanism of the THT, the NBHT and the subcooled flow boiling CHF in a short circular test 
tube. 

2. Experimental apparatus and method 

The schematic diagram of experimental water loop comprised of the pressurizer is shown in Fig. 
2. 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 
horizontally oriented with water flowing horizontally. The test section of the inner diameter of 6 
mm was used in this work. The circulating water was distilled and deionized with about 0.2-

S/cm 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 flow velocity was controlled by regulating the frequency of the three-phase 
alternating power source to the multistage canned-type circulation pump with high pump head 
(Nikkiso Co., Ltd., Non-Seal Pump Multi-stage Type VNH12-C4 C-3S7SP, pump flow rate=12 
m3

/h, pump head=250 m). The water was pressurized by saturated vapor in the pressurizer in this 
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systematic tendency in the whole experimental range, although most of authors' CHF data are 
within ±15 % difference of authors' CHF correlations for ΔTsub,out≥30 K and ΔTsub,in≥40 K.  
 
The objectives of present study are fivefold. First is to measure the THT, the NBHT and the 
steady state CHFs for HORIZONTAL Pt and SUS304 circular test tubes with wide ranges of 
inlet subcoolings (ΔTsub,in), flow velocities (u) and exponential periods (τ). Second is to compare 
with the THT data, the NBHT ones and the steady state CHF ones for the VERTICAL Pt and 
SUS304 test tubes at the flow velocities u ranging from 4.0 to 13.3 m/s previously obtained. 
Third is to clarify the influence of test tube orientation on the THT, the NBHT and the subcooled 
flow boiling CHF. Fourth is to derive the correlations of the THT, the NBHT and the steady state 
CHF in a short HORIZONTAL test tube based on the experimental data. Fifth is to discuss the 
mechanism of the THT, the NBHT and the subcooled flow boiling CHF in a short circular test 
tube.  

2. Experimental apparatus and method 

The schematic diagram of experimental water loop comprised of the pressurizer is shown in Fig. 
2. 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 
horizontally oriented with water flowing horizontally. The test section of the inner diameter of 6 
mm was used in this work. The circulating water was distilled and deionized with about 0.2-
μS/cm 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 flow velocity was controlled by regulating the frequency of the three-phase 
alternating power source to the multistage canned-type circulation pump with high pump head 
(Nikkiso Co., Ltd., Non-Seal Pump Multi-stage Type VNH12-C4 C-3S7SP, pump flow rate=12 
m3/h, pump head=250 m). The water was pressurized by saturated vapor in the pressurizer in this  
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work. The pressure at the inlet 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 HORIZONTAL test section used in this work 
is shown in Fig. 3. The Platinum (Pt) test tube for the test tube inner diameter, d, of 6 mm, the 
heated length, L, of 69.6 mm with the commercial finish of inner surface was used for the 
turbulent heat transfer experiment in this work. Wall thickness of the test tube, 6, was 0.4 mm. 
The Platinum test tube is highly sensitive for a resistance thermometry. However the CHF data 
for the wide experimental range could not be obtained. And the SUS304 test tubes with 3 
different surface roughness have been generally used for the nucleate boiling heat transfer and 
CHF experiments. The test tubes with rough and smooth fmished inner surfaces (RF and SF) are 
commercially available. The rough finished inner surface was fabricated by annealing the test 
tube first in the atmosphere of air and was then acidized, while the smooth finished inner surface 
was fabricated by annealing the test tube in the atmosphere of hydrogen gas. The smooth 
finished inner surface test tube was polished up to around 25 gm deep by the electrolytic 
abrasive treatment to realize the mirror finished one (MF). The rough fmished inner surface test 
tube (RF) was used in this work. Wall thickness of the test tube, 6, was 0.5 mm. Two fine 0.07-
mm diameter platinum wires were spot-welded on the outer surfaces of the test tubes as potential 
taps. The effective lengths, Le, of the Pt and SU304 test tubes between the potential taps on 
which heat transfer was measured were 59.2 and 48.4 mm, respectively. 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 conditions of the test tubes were observed 
by the scanning electron microscope (SEM) photograph and inner surface roughness was 
measured by Tokyo Seimitsu Co., Ltd.'s surface texture measuring instrument (SURFCOM 
120A). Figure 4 shows the SEM photographs of the Pt and SUS 304 test tubes with the 
commercial and rough finished inner surfaces (CF and RF). The values of inner surface 
roughness for Ra, Rmax and Rz were measured 0.45, 2.93 and 1.93 gm for the Pt test tube and 
3.89, 21.42 and 15.03 gm for the SUS304 test tube, respectively. 

The test tubes have 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. 5. The value of the initial exponential heat input, Q0, was set to be 
1.5x 107 W/m3 throughout the present experiments which was so low that no significant change 
in heater temperature occurred during the early stage of the run. The common specifications of 
the direct current source are as follows. Constant-voltage (CV) mode regulation is 0.005 %+3 
mV of full scale, CV mode ripple is 500 µV r.m.s. or better and CV mode transient response 
time is less than 200 µsec (Typical) against 5 % to full range change of load. The transient 
CHFs, qcr,sub, were realized by the exponentially increasing heat input to the test tube. At the 
CHF, the test tube average temperature rapidly increases. The current for the heat input to the 
test tube was automatically cut off when the measured average temperature increased up to the 
preset temperature, which was several tens of Kelvin higher than corresponding CHF surface 
temperature. This procedure avoided actual burnout of the test tube. 

The transient average temperature of the test tube, T , was measured with resistance 

(5/23) 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) Log Number: 098 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

(5/23) 
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using a heater controller of the pressurizer. 
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is shown in Fig. 3. The Platinum (Pt) test tube for the test tube inner diameter, d, of 6 mm, the 
heated length, L, of 69.6 mm with the commercial finish of inner surface was used for the 
turbulent heat transfer experiment in this work. Wall thickness of the test tube, δ, was 0.4 mm. 
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for the wide experimental range could not be obtained. And the SUS304 test tubes with 3 
different surface roughness have been generally used for the nucleate boiling heat transfer and 
CHF experiments. The test tubes with rough and smooth finished inner surfaces (RF and SF) are 
commercially available. The rough finished inner surface was fabricated by annealing the test 
tube first in the atmosphere of air and was then acidized, while the smooth finished inner surface 
was fabricated by annealing the test tube in the atmosphere of hydrogen gas. The smooth 
finished inner surface test tube was polished up to around 25 μm deep by the electrolytic 
abrasive treatment to realize the mirror finished one (MF). The rough finished inner surface test 
tube (RF) was used in this work. Wall thickness of the test tube, δ, was 0.5 mm. Two fine 0.07-
mm diameter platinum wires were spot-welded on the outer surfaces of the test tubes as potential 
taps. The effective lengths, Leff, of the Pt and SU304 test tubes between the potential taps on 
which heat transfer was measured were 59.2 and 48.4 mm, respectively. 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 conditions of the test tubes were observed 
by the scanning electron microscope (SEM) photograph and inner surface roughness was 
measured by Tokyo Seimitsu Co., Ltd.’s surface texture measuring instrument (SURFCOM 
120A). Figure 4 shows the SEM photographs of the Pt and SUS 304 test tubes with the 
commercial and rough finished inner surfaces (CF and RF). The values of inner surface 
roughness for Ra, Rmax and Rz were measured 0.45, 2.93 and 1.93 μm for the Pt test tube and 
3.89, 21.42 and 15.03 μm for the SUS304 test tube, respectively. 
 
The test tubes have 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. 5. The value of the initial exponential heat input, Q0, was set to be 
1.5×107 W/m3 throughout the present experiments which was so low that no significant change 
in heater temperature occurred during the early stage of the run. The common specifications of 
the direct current source are as follows. Constant-voltage (CV) mode regulation is 0.005 %+3 
mV of full scale, CV mode ripple is 500 μV r.m.s. or better and CV mode transient response 
time is less than 200 μsec (Typical) against 5 % to full range change of load. The transient 
CHFs, qcr,sub, were realized by the exponentially increasing heat input to the test tube. At the 
CHF, the test tube average temperature rapidly increases. The current for the heat input to the 
test tube was automatically cut off when the measured average temperature increased up to the 
preset temperature, which was several tens of Kelvin higher than corresponding CHF surface 
temperature. This procedure avoided actual burnout of the test tube.  
 
The transient average temperature of the test tube, T , was measured with resistance  
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thermometry participating as a branch of a double bridge circuit for the temperature 
measurement. The output voltages from the bridge circuit, VT, together with the voltage drops 
across the two potential taps, VR, and the two electrodes, VRI, and across a standard resistance, 
VI, were amplified and then were sent via a D/A converter to a digital computer. These voltages 
were simultaneously sampled at a constant interval ranging from 60 to 200 ms. The average 
temperature of the test tube was calculated with the aid of previously calibrated resistance-
temperature relation, Ri—a(l+bi -Fci 2). The heat generation rate in the test tube, Q, was 
calculated from the measured voltage difference between the potential taps of the test tube and 
the standard resistance, VR and VI. The surface heat flux is the difference between the heat 
generation rate per unit surface area and the rate of change of energy storage in the test tube 
obtained from the faired average temperature versus time curve as follows: 

q(t)=
v (Q(t)—Pc dt 

(6) 

where p, c, V and S are the density, the specific heat, the volume and the inner surface area of the 
test tube, respectively. The inner surface temperature, Ts, was also obtained by solving the heat 
conduction equation in the test tube under the conditions of measured average temperature, I' , 

and surface heat flux, q, of the test tube. The temperatures of the heater inner surface, Ts, can be 
described by the steady one-dimensional heat conduction equation as follows: 

I 4 11  = TO; )=1.  2 x 4r02 tro2(Inr. — 21 ) r 2(In r• --) 2r: Inn.) (7) 
4(r: — ) —‘r°- ri4 t1 20.2q-ri ri2 ),% 
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In case of the 6 mm inner diameter test section, before entering the test tube, the test water flows 
through the tube with the same inner diameter of the test tube to form the fully developed 
velocity profile. The entrance tube length, Le, is given 333 mm (Le/d=55 .5). The value of Le/d for 
d=6 mm in which the center line velocity reaches 99 % of the maximum value for turbulence 
flow was obtained ranging from 9.8 to 21.9 by the correlation of Brodkey and Hershey [39] as 
follows: 

Le
= 0.693 Rel 14

d (8) 

The inlet and outlet liquid temperatures 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 are 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. The inlet and outlet pressures 
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. The 
thermocouples and the transducers were installed in the conduits as shown in Fig. 3. The inlet 
and outlet pressures were calculated from the pressures measured by inlet and outlet pressure 
transducers as follows: 

1 I. 
LiPi. 

Pin = Pim — KPiPilotig —(P°Pt IwnniA Lim + L+ L0

L 
1Pout = Pin — (Pin — P°Pt 
IX L ± L opt 

(9) 

(10) 

where Lo t=0.063 m and Lop t=0.063 m. Experimental errors are estimated to be ±1 K in inner tube 
surface temperature and ±2 % in heat flux. Inlet flow velocity, inlet and outlet subcoolings, inlet 
and outlet pressures, and exponential period were measured within the accuracy ±2 %, ±1 K, ±1 
kPa and ±2 % respectively. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Experimental conditions 

Steady-state heat transfer processes on the Pt and SUS304 circular test tubes that caused by 
exponentially increasing heat input, Qo exp(t/z), were measured. The exponential periods, z, of 
the heat input ranged from 6.55 to 21.81 s. The initial experimental conditions such as inlet flow 
velocity, inlet subcooling and outlet pressure for the turbulent heat transfer (THT), nucleate 
boiling heat transfer (NBHT) and CHF experiments were determined independently each other 
before each experimental run. 

The experimental conditions for the THT experiment were as follows: 
Heat Input Waveform Exponentially increasing heat input 
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where Lipt=0.063 m and Lopt=0.063 m. Experimental errors are estimated to be ±1 K in inner tube 
surface temperature and ±2 % in heat flux. Inlet flow velocity, inlet and outlet subcoolings, inlet 
and outlet pressures, and exponential period were measured within the accuracy ±2 %, ±1 K, ±1 
kPa and ±2 % respectively. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

3.1 Experimental conditions 

Steady-state heat transfer processes on the Pt and SUS304 circular test tubes that caused by 
exponentially increasing heat input, Q0 exp(t/τ), were measured. The exponential periods, τ, of 
the heat input ranged from 6.55 to 21.81 s. The initial experimental conditions such as inlet flow 
velocity, inlet subcooling and outlet pressure for the turbulent heat transfer (THT), nucleate 
boiling heat transfer (NBHT) and CHF experiments were determined independently each other 
before each experimental run. 

 
The experimental conditions for the THT experiment were as follows:  

Heat Input Waveform   Exponentially increasing heat input  
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Heater material 
Surface condition 
Surface roughness 
Inner diameter (d) 
Heated length (L) 
Effective Length (Leff) 
Lid 
Le d 
Wall thickness (6) 
Inlet flow velocity (u) 
Inlet pressure (PO 
Outlet pressure (Pout) 
Inlet subcooling (AT sub,in) 

Outlet subcooling (ATsub,out) 
Inlet liquid temperature (Tin) 

Increasing heat input (Q) 

Log Number: 098 

Platinum 
Commercial fmish of inner surface 
0.45 gm for Ra, 2.93 larn for Rmax and 1.93 larn for Rz 
6mm 
69.6 mm 
59.2 mm 
11.6 
9.87 
0.4 mm 
4.15, 7.05, 10.07 and 13.50 m/s 
818.63 to 853.05 kPa 
811.46 to 827.19 kPa 
145.51 to 148.30 K 
138.11 to 142.75 K 
296.98 to 299.88 K 

Qo exP(th), z=6.55 to 21.81 s 

The experimental conditions for the NBHT and CHF experiments were as follows: 
Heat Input Waveform 
Heater Material 
Surface Condition 
Surface Roughness 
Inner Diameter (d) 
Heated Length (L) 
Effective Length (Leff) 
Lid 
Le d 
Wall Thickness (6) 
Inlet flow velocity (u) 
Inlet Pressure (Pin) 
Outlet Pressure (Pout) 
Inlet Subcooling (ATsub,in) 
Outlet Subcooling (ATsub,out) 
Inlet Liquid Temperature (Tin) 

Increasing Heat Input (Q) 

Exponentially increasing heat input 
304 stainless steel 
Rough finished inner surface (commercial finish) 
3.89 larn for Ra, 21.42 larn for Rmax and 15.03 larn for Rz 
6mm 
59.5 mm 
49.1 mm 
9.92 
8.18 
0.5 mm 
3.93 to 13.86 m/s 
786.29 to 960.93 kPa 
773.41 to 972.00 kPa 
81.30 to 154.20 K 
60.40 to 130.30 K 
297.46 to 362.67 K 

Qo exp(t/z), 2=8.36 s 

3.2 Steady-state turbulent heat transfer characteristics 

Figures 6 and 7 show the typical examples of the steady-state turbulent heat transfer curves for 
HORIZONTAL Platinum circular tube of d=6 mm and Leff-59.2 mm with the exponential 
periods, z-, of around 22 s at the flow velocities, u, of 4.13 and 13.50 m/s, respectively. The 
experimental data were compared with the values derived from authors' correlation [22] of the 
steady-state turbulent heat transfer for the empty tube, Eq. (1), at the flow velocities, u, of 4.13 
and 13.50 m/s. The heat fluxes gradually become higher with an increase in the temperature 
difference between heater inner surface temperature and liquid bulk mean temperature, AT', (=Ts-
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Heater material    Platinum 
Surface condition    Commercial finish of inner surface 

  Surface roughness    0.45 μm for Ra, 2.93 μm for Rmax and 1.93 μm for Rz 
Inner diameter (d)    6 mm 
Heated length (L)    69.6 mm  
Effective Length (Leff)  59.2 mm  
L/d    11.6 
Leff/d    9.87  
Wall thickness (δ)    0.4 mm 
Inlet flow velocity (u)   4.15, 7.05, 10.07 and 13.50 m/s 
Inlet pressure (Pin)    818.63 to 853.05 kPa 
Outlet pressure (Pout)    811.46 to 827.19 kPa 
Inlet subcooling (ΔTsub,in)      145.51 to 148.30 K 
Outlet subcooling (ΔTsub,out)  138.11 to 142.75 K 
Inlet liquid temperature (Tin)   296.98 to 299.88 K 
Increasing heat input (Q)  Q0 exp(t/τ), τ=6.55 to 21.81 s 

 
The experimental conditions for the NBHT and CHF experiments were as follows:  

Heat Input Waveform   Exponentially increasing heat input  
Heater Material         304 stainless steel 
Surface Condition         Rough finished inner surface (commercial finish) 

  Surface Roughness         3.89 μm for Ra, 21.42 μm for Rmax and 15.03 μm for Rz 
Inner Diameter (d)         6 mm 
Heated Length (L)         59.5 mm  
Effective Length (Leff)  49.1 mm 
L/d         9.92  
Leff/d    8.18  
Wall Thickness (δ)         0.5 mm 
Inlet flow velocity (u)  3.93 to 13.86 m/s 
Inlet Pressure (Pin)         786.29 to 960.93 kPa 
Outlet Pressure (Pout)       773.41 to 972.00 kPa 
Inlet Subcooling (ΔTsub,in)    81.30 to 154.20 K 
Outlet Subcooling (ΔTsub,out)  60.40 to 130.30 K 
Inlet Liquid Temperature (Tin)  297.46 to 362.67 K 
Increasing Heat Input (Q)     Q0 exp(t/τ), τ=8.36 s 

3.2 Steady-state turbulent heat transfer characteristics 

Figures 6 and 7 show the typical examples of the steady-state turbulent heat transfer curves for 
HORIZONTAL Platinum circular tube of d=6 mm and Leff=59.2 mm with the exponential 
periods, τ, of around 22 s at the flow velocities, u, of 4.13 and 13.50 m/s, respectively. The 
experimental data were compared with the values derived from authors' correlation [22] of the 
steady-state turbulent heat transfer for the empty tube, Eq. (1), at the flow velocities, u, of 4.13 
and 13.50 m/s. The heat fluxes gradually become higher with an increase in the temperature 
difference between heater inner surface temperature and liquid bulk mean temperature, ΔTL (=Ts- 
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Leff=59.2 mm with T; 299.88 K and u=13.50 m/s at 
P; 850.37 kPa 

TL), on the steady-state turbulent heat transfer curve derived from Eq. (1). These experimental 
data are compared with those for the VERTICAL Platinum circular tube shown as red solid 
lines. The experimental data for the HORIZONTAL and VERTICAL Platinum test tubes as 
shown in Figs. 6 and 7 show nearly same trend of dependence on the temperature difference 
between heater inner surface temperature and average bulk liquid temperature, ATL, and the flow 
velocity, u, for the ATL ranging from 3 to 131 K, although the force of gravity affects the 
horizontal and vertical velocities of the circulating water through the loop in these experiments 
respectively. 

The experimental results for the HORIZONTAL test tube are compared with the rigorous 
solutions for the theoretical model of turbulent heat transfer from HORIZONTAL circular tube 
with a uniform heat flux obtained for the same conditions as the experimental ones considering 
the temperature dependence of thermo-physical properties by using a commercial CFD cord 
PHOENICS [40]. Outline of the theoretical equations and calculation method are shown in 
APPENDIX. Table 1 shows the parameters used for the calculation. The numerical solutions of 
the HORIZONTAL test tube for the relation between the heat flux, q, and the temperature 
difference between heater inner surface temperature and average bulk liquid temperature, ATL, 
are also shown as open circles in Figs. 6 and 7 for the heat flux, q, ranging from 2.55x 105 to 
11.73x 106 W/m2 at the flow velocities of 4.15 and 13.50 m/s. The 14 and 13 different values for 
the numerical solutions are plotted for the heat flux ranging from 2.55x 105 to 1.17x107 W/m2 on 
the log-log graph. These solutions become also higher with an increase in the ATL along the 
curve derived from Eq. (1). The numerical solutions solved by the theoretical equations for 
turbulent heat transfer, Eqs. (19) to (32), in APPENDIX [41] are in good agreement with the 
experimental data for the HORIZONTAL test tube and the values derived from Eq. (1) within 
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TL), on the steady-state turbulent heat transfer curve derived from Eq. (1). These experimental 
data are compared with those for the VERTICAL Platinum circular tube shown as red solid 
lines. The experimental data for the HORIZONTAL and VERTICAL Platinum test tubes as 
shown in Figs. 6 and 7 show nearly same trend of dependence on the temperature difference 
between heater inner surface temperature and average bulk liquid temperature, ΔTL, and the flow 
velocity, u, for the ΔTL ranging from 3 to 131 K, although the force of gravity affects the 
horizontal and vertical velocities of the circulating water through the loop in these experiments 
respectively.  
 
The experimental results for the HORIZONTAL test tube are compared with the rigorous 
solutions for the theoretical model of turbulent heat transfer from HORIZONTAL circular tube 
with a uniform heat flux obtained for the same conditions as the experimental ones considering 
the temperature dependence of thermo-physical properties by using a commercial CFD cord 
PHOENICS [40]. Outline of the theoretical equations and calculation method are shown in 
APPENDIX. Table 1 shows the parameters used for the calculation. The numerical solutions of 
the HORIZONTAL test tube for the relation between the heat flux, q, and the temperature 
difference between heater inner surface temperature and average bulk liquid temperature, ΔTL, 
are also shown as open circles in Figs. 6 and 7 for the heat flux, q, ranging from 2.55×105 to 
11.73×106 W/m2 at the flow velocities of 4.15 and 13.50 m/s. The 14 and 13 different values for 
the numerical solutions are plotted for the heat flux ranging from 2.55×105 to 1.17×107 W/m2 on 
the log-log graph. These solutions become also higher with an increase in the ΔTL along the 
curve derived from Eq. (1). The numerical solutions solved by the theoretical equations for 
turbulent heat transfer, Eqs. (19) to (32), in APPENDIX [41] are in good agreement with the 
experimental data for the HORIZONTAL test tube and the values derived from Eq. (1) within  

Fig. 6 Relationship between q and ΔTL [=(Ts-TL)] for 
HORIZONTAL Pt circular tube of d=6 mm and 
Leff=59.2 mm with Tin=297.34 K and u=4.15 m/s at 
Pin=827.33 kPa  

Fig. 7 Relationship between q and ΔTL [=(Ts-TL)] for 
HORIZONTAL Pt circular tube of d=6 mm and 
Leff=59.2 mm with Tin=299.88 K and u=13.50 m/s at 
Pin=850.37 kPa  

10 102 103

106

107

108

ΔTL (K)

q 
 (W

/m
2 )

Experimental Data
  Horizontal Orientation
  SF7910
  Pt
  d=6 mm
  L=69.6 mm
  L/d=11.6
  Leff=59.2 mm
  Leff/d=9.87
  Pin=827.33 kPa
  Tin=297.34 K
  u=4.15 m/s
  τ=21.70 s
 Eq. (1)

  Vertical Orientation
  SF6323
  Pin=810.40 kPa
  Tin=296.47 K
  u=4.11 m/s
  τ=21.80 s

Numerical Solution
  Horizontal Orientation
  Empty 3D std Property
  (Δr)out=0.039 mm

 Eq. (1)
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Experimental Data
  Horizontal Orientation
  SF7919
  Pt
  d=6 mm
  L=69.6 mm
  L/d=11.6
  Leff=59.2 mm
  Leff/d=9.87
  Pin=850.37 kPa
  Tin=299.88 K
  u=13.50 m/s
  τ=21.81 s
 Eq. (1)

  Vertical Orientation
  SF6333
  Pin=841.69 kPa
  Tin=302.68 K
  u=13.51 m/s
  τ=22.53 s

Numerical Solution
  Horizontal Orientation
  Empty 3D std Property
  (Δr)out=0.013 mm

 Eq. (1)
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Table 1 Parameters for calculation 

Inner diameter (d) 
Heated length (L) 
Entrance length (Le) 
Exit length (Lex) 
Test section length (Lt.) 
Heat flux (q) 
Inlet flow velocity (u) 
Inlet liquid temperature (Tin) 
Coordinate system 
Grid number 
Physical model 

Log Number: 098 

6 mm 
70 mm 
333 mm 
33 mm 
636 mm 

2.55x 105 to 1.17x 107 W/m2 (qoexp(t/z), z= 21.80 to 22.53 s) 
4.15, 7.12, 10.07 and 13.51 m/s 
296.47 to 302.68 K 
Cylindrical coordinate (r, 9 , z) 
(31 to 35, 60, 978) 
K-epsilon model 

±10 % difference. The correlation of the steady-state turbulent heat transfer, Eq. (1), can describe 
the authors' published steady-state turbulent heat transfer data for the VERTICAL test tube with 
the wide ranges of inlet pressures (Pin=810 to 1014 kPa), inner diameters (d=3, 6 and 9 mm), 
heated lengths (L=32.7 to 100 mm) and flow velocities (u=4.0 to 21 m/s) [22] and those for the 
HORIZONTAL test tube obtained in this work on d=6 mm and Leff-59.2 mm with Leld of 9.87 
at the Pin=827 to 850 kPa within ±15 % difference for ATL=3 to 131 K. 

3.3 Steady-state nucleate boiling heat transfer 

Figure 8 shows the steady-state nucleate boiling heat transfer curves for the exponential period, 
z-, of around 8.28 s on the HORIZONTAL SUS304 test tube of d=6 mm and Leff-48.4 mm with 
the rough finished inner surface at the inlet liquid temperatures, Tin, of 297.45 to 300.28 K and 
the flow velocities, u, of 4, 6.9, 9.9 and 13.3 m/s. At the flow velocity of 4 m/s, the heat flux 
becomes higher with an increase in the surface superheat, ATsat (=Ts-T,,,t), on the non-boiling 
forced convection curve derived from authors' turbulent heat transfer correlation, Eq. (1), 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 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 hydro-dynamic 
instability suggested by Kutateladze [42] and Zuber [43]. At the flow velocities higher than 6.9 
m/s, the heat flux gradually becomes higher with an increase in ATsat on the non-boiling forced 
convection curve derived from authors' correlation, Eq. (1), up to the onset of nucleate boiling. 
After that the slope on the boiling curve does not clearly increase with heat flux even following 
the onset of nucleate boiling. The CHF and its surface superheat become higher with an increase 
in flow velocity. The fully developed nucleate boiling curve for the flow velocity of 4 m/s and 
those for the flow velocity higher than 6.9 m/s almost agree with each other forming straight 
lines given by Eqs. (11) and (12) on the log q versus log ATsat graph, respectively. 

q = CATL = 4.47x 104 AT,t5

q = 1.11x 105 AT sli1, 5

for u=4 m/s 

for tt6.9 m/s 

(10/23) 

(11) 

(12) 
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±10 % difference. The correlation of the steady-state turbulent heat transfer, Eq. (1), can describe 
the authors’ published steady-state turbulent heat transfer data for the VERTICAL test tube with 
the wide ranges of inlet pressures (Pin=810 to 1014 kPa), inner diameters (d=3, 6 and 9 mm), 
heated lengths (L=32.7 to 100 mm) and flow velocities (u=4.0 to 21 m/s) [22] and those for the 
HORIZONTAL test tube obtained in this work on d=6 mm and Leff=59.2 mm with Leff/d of 9.87 
at the Pin=827 to 850 kPa within ±15 % difference for ΔTL=3 to 131 K. 

3.3 Steady-state nucleate boiling heat transfer  

Figure 8 shows the steady-state nucleate boiling heat transfer curves for the exponential period, 
τ, of around 8.28 s on the HORIZONTAL SUS304 test tube of d=6 mm and Leff=48.4 mm with 
the rough finished inner surface at the inlet liquid temperatures, Tin, of 297.45 to 300.28 K and 
the flow velocities, u, of 4, 6.9, 9.9 and 13.3 m/s. At the flow velocity of 4 m/s, the heat flux 
becomes higher with an increase in the surface superheat, ΔTsat (=Ts-Tsat), on the non-boiling 
forced convection curve derived from authors’ turbulent heat transfer correlation, Eq. (1), 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 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 hydro-dynamic 
instability suggested by Kutateladze [42] and Zuber [43]. At the flow velocities higher than 6.9 
m/s, the heat flux gradually becomes higher with an increase in ΔTsat on the non-boiling forced 
convection curve derived from authors’ correlation, Eq. (1), up to the onset of nucleate boiling. 
After that the slope on the boiling curve does not clearly increase with heat flux even following 
the onset of nucleate boiling. The CHF and its surface superheat become higher with an increase 
in flow velocity. The fully developed nucleate boiling curve for the flow velocity of 4 m/s and 
those for the flow velocity higher than 6.9 m/s almost agree with each other forming straight 
lines given by Eqs. (11) and (12) on the log q versus log ΔTsat graph, respectively.  
 
 n

satTCq Δ= 5.1
sat

4 T1047.4 Δ×=     for u=4 m/s          (11) 
 15.1

sat
5 T1011.1q Δ×=      for u≥6.9 m/s      (12) 

Table 1 Parameters for calculation 
 

Inner diameter (d)    6 mm 
Heated length (L)    70 mm  
Entrance length (Le)  333 mm  
Exit length (Lex)    33 mm  
Test section length (Lts)  636 mm  
Heat flux (q)     2.55×105 to 1.17×107 W/m2 (q0 exp(t/τ), τ= 21.80 to 22.53 s) 
Inlet flow velocity (u)   4.15, 7.12, 10.07 and 13.51 m/s 
Inlet liquid temperature (Tin)   296.47 to 302.68 K 
Coordinate system        Cylindrical coordinate (r, θ , z) 
Grid number    (31 to 35, 60, 978) 

  Physical model   K-epsilon model 
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Fig. 8 Typical heat transfer processes on the HORIZONTAL SUS304 test tube 
of d=6 mm and Ler48.4 mm with the rough finished inner surface for the 
exponential period of around 8.28 s with the flow velocities of 4.0 to 13.3 m/s 

where C and n are coefficient and exponent. 

The equation of incipient boiling superheat given by Bergles and Rohsenow [44] is also shown 
in the figure for comparison. 

)0.4, 57,0.0234 

(ATsat )0Ns = 
0.556(  q 

5.275PL156
(13) 

The corresponding curves derived from the correlations for fully developed subcooled boiling in 
VERTICAL circular tube given by Hata and Masuzaki [35,36,38] are also shown in Fig. 8 for 
comparison. 

q=51.25AT for SUS304 test tubes with the inner surfaces of mirror and rough fmished (14) 

q=463ATZ, for Platinum test tube with a commercial finish of inner surface (15) 

The corresponding curve derived from the correlation for fully developed subcooled boiling 
given by Rohsenow [45] are also shown in Fig. 8 for comparison. 

 ) 0.33 J.7
plATsat  _ c   cp,p, 

hfg pihfg g(p, - pg) 
(16) 

where the various fluid properties are evaluated at the saturation temperature corresponding to 
the local pressure and Csf is a function of the particular heating surface-fluid combination. 
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where C and n are coefficient and exponent.  
 
The equation of incipient boiling superheat given by Bergles and Rohsenow [44] is also shown 
in the figure for comparison.  
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The corresponding curves derived from the correlations for fully developed subcooled boiling in 
VERTICAL circular tube given by Hata and Masuzaki [35,36,38] are also shown in Fig. 8 for 
comparison.  
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satT25.51q Δ=  for SUS304 test tubes with the inner surfaces of mirror and rough finished  (14) 
3
satT463q Δ=   for Platinum test tube with a commercial finish of inner surface    (15) 

 
The corresponding curve derived from the correlation for fully developed subcooled boiling 
given by Rohsenow [45] are also shown in Fig. 8 for comparison.  
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where the various fluid properties are evaluated at the saturation temperature corresponding to 
the local pressure and Csf is a function of the particular heating surface-fluid combination.  
 

Fig. 8 Typical heat transfer processes on the HORIZONTAL SUS304 test tube 
of d=6 mm and Leff=48.4 mm with the rough finished inner surface for the 
exponential period of around 8.28 s with the flow velocities of 4.0 to 13.3 m/s  
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The values of the lower limit of the heterogeneous spontaneous nucleation temperature, THET, 
[46] and the homogeneous spontaneous nucleation temperature, TH, [47] at the pressure of 800 
kPa are shown in the figure for comparison. The inner surface temperature of the test tube at 
CHF for the flow velocity, u, of 13.3 m/s becomes 122.79 K at q=28.50 MW/m2, which is 42.36 
K higher and 12.36 K lower than the lower limit of the heterogeneous spontaneous nucleation 
temperature, THET, and the homogeneous spontaneous nucleation temperature, TH, respectively. 

Figure 9 shows the influence of flow velocity on the exponent, n, of the fully developed nucleate 
boiling curve and the heat transfer curve up to CHF for the HORIZONTAL SUS304 test tube of 
d=6 mm and Leff-49.1 mm at inlet liquid temperatures, Tin, of 297.45 to 300.28 K. The influence 
of flow velocity on n for the VERTICAL SUS304 tubes of d=3 mm and Leff-23.3 mm, and d=6 
mm and Leff-49.1 mm with the rough finished inner surface [35,38] and the empty Platinum tube 
of d=3 mm and Leff-56.7 mm with the commercial fmish of inner surface [36] at inlet liquid 
temperatures, Tin, of 293.3 to 316.2 K are also shown in the figure for comparison. The values of 
n for the u ranging from 3.93 to 13.39 m/s and those for the u ranging from 4.0 to 42 m/s were 
shown versus u with the d and the test tube material as a parameter. The value of n for the 
HORIZONTAL SUS304 test tube of d=6 mm is almost 1.5 for the u of 3.93 m/s. And those 
become linearly lower with an increase in the u. That becomes almost about 1.15 at the u of 
13.39 m/s. 

The effect of flow velocity on the value of ATsar (=Ts-Tsar) at CHF point, (ATsader, for 
HORIZONTAL SUS304 test tube, and that of flow velocity on the (ATsad cr for the VERTICAL 
SUS304 tubes of d=3 and 6 mm were represented versus the flow velocity, u, in Fig. 10 [35,38]. 
The (ATsa) cr for HORIZONTAL SUS304 test tube become linearly higher with an increase in the 
flow velocity for the flow velocities ranging from 3.93 to 13.39 m/s, although those for the 
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Fig. 9 Values of n versus flow velocity for Horizontal 
SUS304 test tube and Vertical SUS304 and Pt test 
tubes. 
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The values of the lower limit of the heterogeneous spontaneous nucleation temperature, THET, 
[46] and the homogeneous spontaneous nucleation temperature, TH, [47] at the pressure of 800 
kPa are shown in the figure for comparison. The inner surface temperature of the test tube at 
CHF for the flow velocity, u, of 13.3 m/s becomes 122.79 K at q=28.50 MW/m2, which is 42.36 
K higher and 12.36 K lower than the lower limit of the heterogeneous spontaneous nucleation 
temperature, THET, and the homogeneous spontaneous nucleation temperature, TH, respectively.  
 
Figure 9 shows the influence of flow velocity on the exponent, n, of the fully developed nucleate 
boiling curve and the heat transfer curve up to CHF for the HORIZONTAL SUS304 test tube of 
d=6 mm and Leff=49.1 mm at inlet liquid temperatures, Tin, of 297.45 to 300.28 K. The influence 
of flow velocity on n for the VERTICAL SUS304 tubes of d=3 mm and Leff=23.3 mm, and d=6 
mm and Leff=49.1 mm with the rough finished inner surface [35,38] and the empty Platinum tube 
of d=3 mm and Leff=56.7 mm with the commercial finish of inner surface [36] at inlet liquid 
temperatures, Tin, of 293.3 to 316.2 K are also shown in the figure for comparison. The values of 
n for the u ranging from 3.93 to 13.39 m/s and those for the u ranging from 4.0 to 42 m/s were 
shown versus u with the d and the test tube material as a parameter. The value of n for the 
HORIZONTAL SUS304 test tube of d=6 mm is almost 1.5 for the u of 3.93 m/s. And those 
become linearly lower with an increase in the u. That becomes almost about 1.15 at the u of 
13.39 m/s.  
 
The effect of flow velocity on the value of ΔTsat (=Ts-Tsat) at CHF point, (ΔTsat)cr, for 
HORIZONTAL SUS304 test tube, and that of flow velocity on the (ΔTsat)cr for the VERTICAL 
SUS304 tubes of d=3 and 6 mm were represented versus the flow velocity, u, in Fig. 10 [35,38]. 
The (ΔTsat)cr for HORIZONTAL SUS304 test tube become linearly higher with an increase in the 
flow velocity for the flow velocities ranging from 3.93 to 13.39 m/s, although those for the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Values of ΔTsat at CHF point versus flow 
velocity for Horizontal SUS304 test tube of d=6 mm 
and Vertical SUS304 test tubes of d=3 and 6 mm.  

Fig. 9 Values of n versus flow velocity for Horizontal 
SUS304 test tube and Vertical SUS304 and Pt test 
tubes.  
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VERTICAL SUS304 test tubes of d=3 and 6 mm are almost constant [(ATsadcr=100 K] for the u 
higher than 9.9 m/s. Under the HORIZONTAL test tube, the value of (ATsad cr becomes lower 
than the VERTICAL test tube at the flow velocity of 3.93 m/s and that becomes higher at the 
flow velocity of 13.39 m/s. These SUS304 test tubes were not the same serial number but the 
same manufacturer. It is considered especially in case of HORIZONTAL SUS304 test tube that 
the heterogeneous spontaneous nucleation temperature would become higher due to a difference 
between both test tubes. The difference between both surface conditions such as surface 
roughness and surface wettability would play an important role in nucleate boiling heat transfer. 

3.4 Steady-state subcooled flow boiling CHF 

3.4.1 Outlet subcooling 
Figure 11 shows the steady-state CHFs, qcr,sub,st, versus the outlet subcoolings, ATsub,„„t, for the 
HORIZONTAL SUS304 test tube of the inner diameter (d=6 mm), the heated length (L=59.4 
mm), Lid (=9.9) and the wall thickness (&0.5 mm) obtained for the flow velocities, u, ranging 
from 4 to 13.3 m/s at the outlet pressure, Pout, of around 800 kPa. The CHF data for the 
VERTICAL SUS304 test tube of d=6 mm, L=66 mm, Lid =11 and &0.5 mm with the flow 
velocities ranging from 4.0 to 13.3 m/s are also shown in the figure for comparison [23]. As 
shown in the figure, the qcr,sub,st for each flow velocity become higher with an increase in ATsub,out 
and the increasing rate becomes lower for higher ATsub,out. The CHFs in the whole experimental 
range become higher with an increase in the flow velocity at a fixed ATsub,out• 

The curves given by Eq. (2) for the VERTICAL SUS304 test tube are shown in Fig. 11 at each 
flow velocity for comparison. The CHF data for ATsub,out 30 K are in good agreement with the 
values given by the correlation. Equation (2) was derived based on the experimental data for the 
VERTICAL SUS304 test tube with the flow velocity ranging from 4 to 13.3 m/s. To confirm the 
applicability of Eq. (2) to the data for the flow velocity of 4 to 13.3 m/s, the ratios of these CHF 
data to the corresponding values calculated by Eq. (2) are shown versus ATsub,out in Fig. 12. Most 
of the data for the HORIZONTAL test tube (69 points) and the VERTICAL one (110 points) are 
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VERTICAL SUS304 test tubes of d=3 and 6 mm are almost constant [(ΔTsat)cr=100 K] for the u 
higher than 9.9 m/s. Under the HORIZONTAL test tube, the value of (ΔTsat)cr becomes lower 
than the VERTICAL test tube at the flow velocity of 3.93 m/s and that becomes higher at the 
flow velocity of 13.39 m/s. These SUS304 test tubes were not the same serial number but the 
same manufacturer. It is considered especially in case of HORIZONTAL SUS304 test tube that 
the heterogeneous spontaneous nucleation temperature would become higher due to a difference 
between both test tubes. The difference between both surface conditions such as surface 
roughness and surface wettability would play an important role in nucleate boiling heat transfer.  

3.4 Steady-state subcooled flow boiling CHF 

3.4.1 Outlet subcooling 
Figure 11 shows the steady-state CHFs, qcr,sub,st, versus the outlet subcoolings, ΔTsub,out, for the 
HORIZONTAL SUS304 test tube of the inner diameter (d=6 mm), the heated length (L=59.4 
mm), L/d (=9.9) and the wall thickness (δ=0.5 mm) obtained for the flow velocities, u, ranging 
from 4 to 13.3 m/s at the outlet pressure, Pout, of around 800 kPa. The CHF data for the 
VERTICAL SUS304 test tube of d=6 mm, L=66 mm, L/d =11 and δ=0.5 mm with the flow 
velocities ranging from 4.0 to 13.3 m/s are also shown in the figure for comparison [23]. As 
shown in the figure, the qcr,sub,st for each flow velocity become higher with an increase in ΔTsub,out 
and the increasing rate becomes lower for higher ΔTsub,out. The CHFs in the whole experimental 
range become higher with an increase in the flow velocity at a fixed ΔTsub,out.  
 
The curves given by Eq. (2) for the VERTICAL SUS304 test tube are shown in Fig. 11 at each 
flow velocity for comparison. The CHF data for ΔTsub,out≥30 K are in good agreement with the 
values given by the correlation. Equation (2) was derived based on the experimental data for the 
VERTICAL SUS304 test tube with the flow velocity ranging from 4 to 13.3 m/s. To confirm the 
applicability of Eq. (2) to the data for the flow velocity of 4 to 13.3 m/s, the ratios of these CHF 
data to the corresponding values calculated by Eq. (2) are shown versus ΔTsub,out in Fig. 12. Most 
of the data for the HORIZONTAL test tube (69 points) and the VERTICAL one (110 points) are 
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within ±15 % difference for 4 m/st/ 13.3 m/s and 29.7 KATsub,ou 125.38 K. 

3.4.2 Inlet subcooling 
It can be considered that the CHFs are determined not by the outlet conditions but by the inlet 
ones. The steady-state CHFs, ac,;sust, for the  HORIZONTAL SUS304 test tube of the inner , ,

diameter of 6 mm, L=59.4 mm, L/d=9.9 and &0.5 mm were shown versus the inlet subcooling, 

ATsub,in, 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=66 mm, Lid =11 and &0.5 mm with the flow velocities ranging 
from 4.0 to 13.3 m/s are also shown in the figure for comparison [24]. The qcr,sub,st for each flow 
velocity become higher with an increase in AT, sub,in• The increasing rate becomes also lower for 
higher AT, sub,in• The ger,sub,st increase with an increase in the flow velocity at a fixed AT sub,in. The 

ger,sub,st for the wide range of flow velocities are proportional to AT sub,in°.7 for AT, sub,in40 K. 

The curves derived from Eq. (4) for the VERTICAL SUS304 test tube are shown in Fig. 13 for 
comparison. The CHF data for ATsub,in 40 K are in good agreement with the values given by 
authors' correlation. To confirm the applicability of Eq. (4), the ratios of these CHF data for the 
d=6 mm HORIZONTAL test tube (69 points) and those for the d=6 mm VERTICAL one (110 
points) to the corresponding values calculated by Eq. (4) are shown versus A -.Tub,in in Fig. 14. 
Most of the data for AT sub,in 40 K are within ±15 % diffrence of Eq. (4) for the wide ranges of 
inlet subcoolings and flow velocities. 

In this study, it is firmly confirmed that the transient CHF correlation against outlet and inlet 
subcoolings, Eqs. (2) and (4), can describe not only the authors' published CHF data (3137 
points) for the VERTICAL SUS304 test tube within the wide ranges of inlet pressures (P1 159 
kPa to 1.1 MPa), inner diameters (d=2 to 12 mm), heated lengths (L=22 to 150 mm) and flow 
velocities (u=4.0 to 13.3 m/s) [23-38] but also the CHF data for the HORIZONTAL SUS304 test 
tube (69 points) obtained in this work on the inner diameter of 6 mm with Lid of 9.9 at the inlet 
pressure of 786.3 to 960.9 kPa within ±15 % difference for 30 KATsub,ou 140 K and 40 
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within ±15 % difference for 4 m/s≤u≤13.3 m/s and 29.7 K≤ΔTsub,out≤125.38 K.  
 
3.4.2 Inlet subcooling  
It can be considered that the CHFs are determined not by the outlet conditions but by the inlet 
ones. The steady-state CHFs, qcr,sub,st, for the HORIZONTAL SUS304 test tube of the inner 
diameter of 6 mm, L=59.4 mm, L/d=9.9 and δ=0.5 mm were shown versus the inlet subcooling, 
ΔTsub,in, 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=66 mm, L/d =11 and δ=0.5 mm with the flow velocities ranging 
from 4.0 to 13.3 m/s are also shown in the figure for comparison [24]. The qcr,sub,st for each flow 
velocity become higher with an increase in ΔTsub,in. The increasing rate becomes also lower for 
higher ΔTsub,in. The qcr,sub,st increase with an increase in the flow velocity at a fixed ΔTsub,in. The 
qcr,sub,st for the wide range of flow velocities are proportional to ΔTsub,in

0.7 for ΔTsub,in≥40 K.  
 
The curves derived from Eq. (4) for the VERTICAL SUS304 test tube are shown in Fig. 13 for 
comparison. The CHF data for ΔTsub,in≥40 K are in good agreement with the values given by 
authors’ correlation. To confirm the applicability of Eq. (4), the ratios of these CHF data for the 
d=6 mm HORIZONTAL test tube (69 points) and those for the d=6 mm VERTICAL one (110 
points) to the corresponding values calculated by Eq. (4) are shown versus ΔTsub,in in Fig. 14. 
Most of the data for ΔTsub,in≥40 K are within ±15 % diffrence of Eq. (4) for the wide ranges of 
inlet subcoolings and flow velocities.  
 
In this study, it is firmly confirmed that the transient CHF correlation against outlet and inlet 
subcoolings, Eqs. (2) and (4), can describe not only the authors’ published CHF data (3137 
points) for the VERTICAL SUS304 test tube within the wide ranges of inlet pressures (Pin=159 
kPa to 1.1 MPa), inner diameters (d=2 to 12 mm), heated lengths (L=22 to 150 mm) and flow 
velocities (u=4.0 to 13.3 m/s) [23-38] but also the CHF data for the HORIZONTAL SUS304 test 
tube (69 points) obtained in this work on the inner diameter of 6 mm with L/d of 9.9 at the inlet 
pressure of 786.3 to 960.9 kPa within ±15 % difference for 30 K≤ΔTsub,out≤140 K and 40 K≤ 
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ATsub,in 151 K. We have supposed that the expression of latent heat transport intensity at CHF 
point would be very useful to discuss the mechanism of the subcooled flow boiling critical heat 
flux, which would occur due to the hydro-dynamic instability suggested by Kutateladze [42] and 
Zuber [43] or due to the heterogeneous spontaneous nucleation at the lower limit of the 
heterogeneous spontaneous nucleation temperature [46]. The ratios of boiling number based on 
bubble motion to boiling number based on forced convection, Boc/Bocon, at the CHF surface 
superheat, OTsader, for the HORIZONTAL SUS304 test tube of d=6 mm and L=59.4 mm at inlet 
liquid temperatures (T1n=297.45 to 300.28 K) are shown versus u for the u ranging from 3.93 to 
13.39 m/s in Fig. 15. Those for the VERTICAL SUS304 test tubes of d=3 mm and L=33 mm, 
and d=6 mm and L=59.5 mm with the rough finished inner surface at inlet liquid temperatures 
(T1n=293.3 to 316.2 K) are also shown versus u for the u ranging from 4.0 to 42 m/s in the figure 
as each red symbol for comparison [35,38]. These ratios on the log-log graph become linearly 
lower with an increase in the u. Those for the VERTICAL SUS304 tubes of d=3 and 6 mm with 
the rough fmished inner surface become almost constant about 1 at the u higher than 40 m/s. The 
latent heat transport at CHF point would have almost disappeared, although the violent boiling 
noise was made for a period of time before the CHF point. The experimental data of Bocr/Bocon 
for the HORIZONTAL SUS304 test tube of d=6 mm and those of Bocr/Bocon for the VERTICAL 
SUS304 tubes of d=3 and 6 mm with the rough finished inner surface can be expressed for the u 
ranging from 4 to 42 m/s by the following correlations: [35,38] 
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It is assumed that the transition to film boiling at the u of 30 and 40 m/s would occur due to the 
heterogeneous spontaneous nucleation at the steady-state CHF but not due to the hydro-dynamic 
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ΔTsub,in≤151 K. We have supposed that the expression of latent heat transport intensity at CHF 
point would be very useful to discuss the mechanism of the subcooled flow boiling critical heat 
flux, which would occur due to the hydro-dynamic instability suggested by Kutateladze [42] and 
Zuber [43] or due to the heterogeneous spontaneous nucleation at the lower limit of the 
heterogeneous spontaneous nucleation temperature [46]. The ratios of boiling number based on 
bubble motion to boiling number based on forced convection, Bocr/Bocon, at the CHF surface 
superheat, (ΔTsat)cr, for the HORIZONTAL SUS304 test tube of d=6 mm and L=59.4 mm at inlet 
liquid temperatures (Tin=297.45 to 300.28 K) are shown versus u for the u ranging from 3.93 to 
13.39 m/s in Fig. 15. Those for the VERTICAL SUS304 test tubes of d=3 mm and L=33 mm, 
and d=6 mm and L=59.5 mm with the rough finished inner surface at inlet liquid temperatures 
(Tin=293.3 to 316.2 K) are also shown versus u for the u ranging from 4.0 to 42 m/s in the figure 
as each red symbol for comparison [35,38]. These ratios on the log-log graph become linearly 
lower with an increase in the u. Those for the VERTICAL SUS304 tubes of d=3 and 6 mm with 
the rough finished inner surface become almost constant about 1 at the u higher than 40 m/s. The 
latent heat transport at CHF point would have almost disappeared, although the violent boiling 
noise was made for a period of time before the CHF point. The experimental data of Bocr/Bocon 
for the HORIZONTAL SUS304 test tube of d=6 mm and those of Bocr/Bocon for the VERTICAL 
SUS304 tubes of d=3 and 6 mm with the rough finished inner surface can be expressed for the u 
ranging from 4 to 42 m/s by the following correlations: [35,38] 
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instability. The latent heat transport at CHF point has almost disappeared under the u higher than 
around 30 m/s and it would not be seen that the phenomenon occurs at some critical velocity in 
the vapor phase when the vapor jets start interfering with each other. It is the reason not to occur 
the hydrodynamic instability on the vapor-liquid interface at the CHF. 

4. Conclusions 

The steady-state turbulent heat transfer (THT) and the steady state nucleate boiling heat transfer 
(NBHT) and the steady state critical heat fluxes (CHFs) of the subcooled water flow boiling for 
HORIZONTAL Pt and SUS304 circular test tubes of the inner-diameter (d=6 mm), the heated 
lengths (L=69.6 and 59.5 mm), effective lengths (Leff-59.2 and 48.4 mm), Lid (=11.6 and 9.92) 
and Lef/d (=9.87 and 8.06) with surface roughness (Ra=0.45 and 3.89 gm) were systematically 
measured for wide ranges of the flow velocities (u=3.93 to 13.86 m/s), the outlet subcoolings 
(ATsub,out=60.40 to 142.75 K), the inlet subcoolings (ATsub,in=81.30 to 154.20 K), the outlet 
pressures (Pout=773.41 to 972.00 kPa), the inlet pressures (Pin=786.29 to 960.93 kPa) and the 
exponentially increasing heat input (Q0 exp(t/ z), z=6.55 to 21.81 s). Experimental results lead to 
the following conclusions. 

1) The heat flux gradually becomes higher with an increase in ATI, on the non-boiling forced 
convection curve derived from the correlation of the turbulent heat transfer for heating of 
water in a short vertical tube, Eq. (1). Equation (1) can describe the experimental data and 
the numerical solutions for the HORIZONTAL and VERTICAL test tubes within ±15 % 
difference. 

2) After the onset of nucleate boiling, the heat flux increases along the fully developed nucleate 
boiling curve up to the CHF at the u of 4 m/s. At the u higher than 6.9 m/s, the slope on the 
boiling curve does not increase with heat flux up to the CHF. The CHF and its surface 
superheat, ATsat, become higher with an increase in flow velocity. 

3) The fully developed nucleate boiling curves for the u of 4 m/s and the nucleate boiling curves 
in higher heat flux range for the u higher than 6.9 m/s can be almost described by Eqs. (11) 
and (12) within ±15 % difference, respectively. 

4) The value of n for the HORIZONTAL SUS304 test tube of d=6 mm is almost 1.5 at the u of 
3.93 m/s. And those become linearly lower with an increase in the u. That becomes almost 
about 1.15 at the u of 13.39 m/s. 

5) The (ATsad cr for HORIZONTAL SUS304 test tube become linearly higher with an increase in 
the flow velocity for the u ranging from 3.93 to 13.39 m/s, although those for the VERTICAL 
SUS304 test tubes of d=3 and 6 mm are almost constant [(ATsadcr=100 K] for the u higher than 
9.9 m/s. 

6) Most of the steady state CHF data for HORIZONTAL SUS304 test tube of d=6 mm (69 
points) are within ±15 % differences of Eqs. (2) and (4) for the wide ranges of outlet 
subcoolings (ATsub,out=60.40 to 142.75 K), inlet ones (ATsub,in=81.30 to 154.20 K) and flow 
velocities (u=3.93 to 13.86 m/s). 

7) The experimental data of Bocr/Bocon for HORIZONTAL SUS304 test tube can be also 
expressed for the u ranging from 3.93 to 42 m/s by Eqs. (17) and (18). 

5. Nomenclature 

a, b, c fitted constant Bo =q,r,sub/Ghfg, boiling number 
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instability. The latent heat transport at CHF point has almost disappeared under the u higher than 
around 30 m/s and it would not be seen that the phenomenon occurs at some critical velocity in 
the vapor phase when the vapor jets start interfering with each other. It is the reason not to occur 
the hydrodynamic instability on the vapor-liquid interface at the CHF.  

4. Conclusions 

The steady-state turbulent heat transfer (THT) and the steady state nucleate boiling heat transfer 
(NBHT) and the steady state critical heat fluxes (CHFs) of the subcooled water flow boiling for 
HORIZONTAL Pt and SUS304 circular test tubes of the inner-diameter (d=6 mm), the heated 
lengths (L=69.6 and 59.5 mm), effective lengths (Leff=59.2 and 48.4 mm), L/d (=11.6 and 9.92) 
and Leff/d (=9.87 and 8.06) with surface roughness (Ra=0.45 and 3.89 μm) were systematically 
measured for wide ranges of the flow velocities (u=3.93 to 13.86 m/s), the outlet subcoolings 
(ΔTsub,out=60.40 to 142.75 K), the inlet subcoolings (ΔTsub,in=81.30 to 154.20 K), the outlet 
pressures (Pout=773.41 to 972.00 kPa), the inlet pressures (Pin=786.29 to 960.93 kPa) and the 
exponentially increasing heat input (Q0 exp(t/τ), τ=6.55 to 21.81 s). Experimental results lead to 
the following conclusions.  
 
1) The heat flux gradually becomes higher with an increase in ΔTL on the non-boiling forced 

convection curve derived from the correlation of the turbulent heat transfer for heating of 
water in a short vertical tube, Eq. (1). Equation (1) can describe the experimental data and 
the numerical solutions for the HORIZONTAL and VERTICAL test tubes within ±15 % 
difference.  

2) After the onset of nucleate boiling, the heat flux increases along the fully developed nucleate 
boiling curve up to the CHF at the u of 4 m/s. At the u higher than 6.9 m/s, the slope on the 
boiling curve does not increase with heat flux up to the CHF. The CHF and its surface 
superheat, ΔTsat, become higher with an increase in flow velocity. 

3) The fully developed nucleate boiling curves for the u of 4 m/s and the nucleate boiling curves 
in higher heat flux range for the u higher than 6.9 m/s can be almost described by Eqs. (11) 
and (12) within ±15 % difference, respectively.  

4) The value of n for the HORIZONTAL SUS304 test tube of d=6 mm is almost 1.5 at the u of 
3.93 m/s. And those become linearly lower with an increase in the u. That becomes almost 
about 1.15 at the u of 13.39 m/s. 

5) The (ΔTsat)cr for HORIZONTAL SUS304 test tube become linearly higher with an increase in 
the flow velocity for the u ranging from 3.93 to 13.39 m/s, although those for the VERTICAL 
SUS304 test tubes of d=3 and 6 mm are almost constant [(ΔTsat)cr=100 K] for the u higher than 
9.9 m/s. 

6) Most of the steady state CHF data for HORIZONTAL SUS304 test tube of d=6 mm (69 
points) are within ±15 % differences of Eqs. (2) and (4) for the wide ranges of outlet 
subcoolings (ΔTsub,out=60.40 to 142.75 K), inlet ones (ΔTsub,in=81.30 to 154.20 K) and flow 
velocities (u=3.93 to 13.86 m/s).  

7) The experimental data of Bocr/Bocon for HORIZONTAL SUS304 test tube can be also 
expressed for the u ranging from 3.93 to 42 m/s by Eqs. (17) and (18). 

5. Nomenclature 

a, b, c  fitted constant  Bo  =qcr,sub/Ghfg, boiling number  
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C coefficient in Eq. (11) 
C1, C2, C3 constant in Eq. (4) 
C4, C5, C6 constant in Eq. (5) 
c specific heat, J/kg K 
cP specific heat at constant pressure, 

J/kg K 
D* = dffolg/(prpg)}" , non-dimensional 

diameter 
d test tube inner diameter, m 
G =piu, mass flux, kg/m2s 
g acceleration of gravity, m/s2
hfg latent heat of vaporization, J/kg 
I current flowing through standard 

resistance, A 
Sc =ep/(ATsub,oudool/hfg, =cplATsub,ournifg, 

non-dimensional outlet subcooling 
Sc* =ep/ATsub,o/hfg, non-dimensional inlet 

subcooling 
L heated length, m 
Le entrance length, m 
Leff effective length, m 
L, exit length, m 
L11 distance between inlet pressure 

transducer and inlet of the heated 
section, m 

Loft distance between outlet pressure 
transducer and outlet of the heated 
section, m 

Lts test section length, m 
Nud =hd/y14, nusselt number 
n exponent in Eq. (11) 
P pressure, kPa 
Pi„ pressure at inlet of heated section, kPa 
Pipt pressure measured by inlet pressure 

transducer, kPa 
Pout pressure at outlet of heated section, 

kPa 
Poo pressure measured by outlet pressure 

transducer, kPa 
Pr = cpplib Prandtl number 
Q heat input per unit volume, W/m3
Qo initial exponential heat input, W/m3
Qs step height of heat input per unit 

volume, W/m3
q heat flux, W/m2

Log Number: 098 

ger,sub transient critical heat flux for 
subcooled condition, W/m2

ger,sub,st steady state critical heat flux, W/m2
R1 to R3 resistance in a double bridge circuit, 

Ra average roughness, lam 
Re = Gd/pi, Reynolds number 
Rmax maximum roughness depth, lam 
RT resistance of the test tube, 
Rz mean roughness depth, lam 
go initial exponential heat flux, W/m2
✓ radial distance in cylindrical coordinate 

and test tube radius, m 
rt test tube inner radius, m 
re test tube outer radius, m 
(Ar)out outer grid width for r-component 
S surface area, m2
T temperature of the test tube, K 
T average temperature of the test tube, K 
TH homogeneous spontaneous nucleation 

temperature, K 
lower limit of heterogeneous 
spontaneous nucleation temperature, 

Ti„
K
inlet liquid temperature, K 

Ts0autt outlet liquid temperature, K 
Ts

tube, K 
T 

inner surface temperature of the test 

saturation temperature, K 
t time, s 
t* = opuffolg/(prpg)}" , non-dimensional 

reduced time 
reduced time for stepwise heat input, s 

ter/2 reduced time for ramp-wise heat input, s 
AT sat =T s-T sat, surface superheat, K 
AT sub,in —(T sat-Tin), inlet liquid 

subcooling, K 

ATsub,out =(Tsor Toud, outlet liquid subcooling, 
K 

u flow velocity, m/s 
✓ volume, m3
VI voltage drop across standard 

resistance, V 
voltage drop across two electrodes, V 

THET 

to 

VR 

(17/23) 

The 14th International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) Log Number: 098 
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011. 

(17/23) 
 

C      coefficient in Eq. (11) 
C1, C2, C3 constant in Eq. (4)  
C4, C5, C6 constant in Eq. (5) 
c       specific heat, J/kg K 
cp      specific heat at constant pressure, 

J/kg K 
D* =d/{σ/g/(ρl-ρg)}0.5, non-dimensional 

diameter 
d   test tube inner diameter, m 
G  =ρlu, mass flux, kg/m2s 
g  acceleration of gravity, m/s2 

hfg  latent heat of vaporization, J/kg 
I  current flowing through standard 

resistance, A 

Sc =cpl(ΔTsub,out)cal/hfg, =cplΔTsub,out/hfg, 
non-dimensional outlet subcooling  

Sc* =cplΔTsub,in/hfg, non-dimensional inlet 
subcooling  

L  heated length, m 
Le  entrance length, m 
Leff  effective length, m 
Lex  exit length, m 
Lipt distance between inlet pressure 

transducer and inlet of the heated 
section, m 

Lopt distance between outlet pressure 
transducer and outlet of the heated 
section, m 

Lts  test section length, m 
Nud =hd/λl, nusselt number  
n exponent in Eq. (11)  
P  pressure, kPa 
Pin  pressure at inlet of heated section, kPa 
Pipt pressure measured by inlet pressure 

transducer, kPa 
Pout  pressure at outlet of heated section, 

kPa 
Popt pressure measured by outlet pressure 

transducer, kPa 
Pr =cpμl/λl, Prandtl number  
Q  heat input per unit volume, W/m3 

Q0  initial exponential heat input, W/m3 

Qs  step height of heat input per unit 
volume, W/m3 

q  heat flux, W/m2 

qcr,sub transient critical heat flux for 
subcooled condition, W/m2 

qcr,sub,st steady state critical heat flux, W/m2 

R1 to R3  resistance in a double bridge circuit, 
Ω 

Ra  average roughness, μm 
Re =Gd/μl, Reynolds number  

Rmax maximum roughness depth, μm 

RT  resistance of the test tube, Ω 
Rz mean roughness depth, μm 
q0 initial exponential heat flux, W/m2 
r  radial distance in cylindrical coordinate 

and test tube radius, m  
ri   test tube inner radius, m 
ro   test tube outer radius, m 
(Δr)out outer grid width for r-component 
S  surface area, m2 
T   temperature of the test tube, K  
T    average temperature of the test tube, K  
TH homogeneous spontaneous nucleation 

temperature, K  
THET lower limit of heterogeneous 

spontaneous nucleation temperature, 
K  

Tin  inlet liquid temperature, K 
Tout  outlet liquid temperature, K 
Ts   inner surface temperature of the test 

tube, K  
Tsat saturation temperature, K 
t  time, s 
t* =ωpu/{σ/g/(ρl-ρg)}0.5, non-dimensional 

reduced time  
tcr    reduced time for stepwise heat input, s 
tcr/2 reduced time for ramp-wise heat input, s 
ΔTsat =Ts-Tsat, surface superheat, K 
ΔTsub,in =(Tsat-Tin), inlet liquid

 subcooling, K 
ΔTsub,out =(Tsat-Tout), outlet liquid subcooling, 

K 
u  flow velocity, m/s 
V  volume, m3  
VI  voltage drop across standard 

resistance, V 
VR  voltage drop across two electrodes, V 
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VT unbalance voltage in a double bridge cop
circuit, V 

We = G2 d/joio-, Weber number 
Z length, m 
z rectangular coordinate, m 
a coefficient of ramp heat input, W/m3s 
g wall thickness, mm 
9 angle in cylindrical coordinate, radian 
2 thermal conductivity, W/mK 

P density, kg/m3
a surface tension, N/m 
z exponential period, s 

reduced time, s 

Subscript 

cr 

g 
in 
out 
1 
sat 
sub 
wnh 

critical heat flux 
vapor 
inlet 
outlet 
liquid 
saturated conditions 
subcooled conditions 
with no heating 

Log Number: 098 
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7. APPENDIX 

7.1 Numerical solution of turbulent heat transfer [41] 

7.1.1 Fundamental equations 
The unsteady fundamental equations for turbulent heat transfer are expressed in the three 
dimensional coordinate shown in Fig. 16 as follows [48]. 

(Continuity Equation) 
Cylindrical coordinates (r, 9, z): 
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Fig. 16 Physical model for numerical analysis 
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VT  unbalance voltage in a double bridge 
circuit, V 

We  =G2d/ρlσ, Weber number 
Z length, m 
z rectangular coordinate, m 
α  coefficient of ramp heat input, W/m3s 
δ  wall thickness, mm 
θ angle in cylindrical coordinate, radian 
λ  thermal conductivity, W/mK 
ρ  density, kg/m3 
σ  surface tension, N/m 
τ  exponential period, s 

ωp  reduced time, s 
 
Subscript 
 
cr  critical heat flux  
g  vapor 
in  inlet 
out  outlet 
l  liquid 
sat  saturated conditions 
sub  subcooled conditions 
wnh with no heating
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7. APPENDIX  

7.1 Numerical solution of turbulent heat transfer [41] 

7.1.1 Fundamental equations 
The unsteady fundamental equations for turbulent heat transfer are expressed in the three 
dimensional coordinate shown in Fig. 16 as follows [48].  
 
(Continuity Equation) 
Cylindrical coordinates (r, θ, z): 
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(Momentum Equation) 
r-component: 
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(Energy Equation) 
Cylindrical coordinates (r, 9, z): 

pc, (aT 
at 

where 

aT + y, aT +v aT)=41 a age + aqz -i i 
(23) 

ovr )+1 
ar r ae z az r at r ae az 

57=-11 2 2 1 
(24), av Tee = _0[2(lavo

r,
(25) 

r ae 
avz 2 1 

r zz =-0[2 — (V • v) (26), rre =re,=-It[r ar (r r i  ave u (27) 

z j (28), r rOz=rzt9 =-P[ z +7. 
rave I av 

w j

av I avo avz
(V • v)= at 

+- 
r ae az
—+— (30) 

[ avz av,1+ (29) 
=rte =-P Zr rz P Or az I j

v, ve and vz are the r, 9 and z components of a velocity vector, respectively. 

7.1.2 Boundary conditions 
The fundamental equations are numerically analyzed together with the following boundary 
conditions. On the outer boundary of heated section: constant heat flux, and non-slip condition. 

aT =constant 
at 
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θ-component: 
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z-component: 
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(Energy Equation) 
Cylindrical coordinates (r, θ, z): 
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vr, vθ and vz are the r, θ and z components of a velocity vector, respectively.  
 
7.1.2 Boundary conditions 
The fundamental equations are numerically analyzed together with the following boundary 
conditions. On the outer boundary of heated section: constant heat flux, and non-slip condition. 
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At the outer boundary of non-heated section: 

aT _ 0
ar 

(32) 

At the lower boundary: 

T =Thi , v,. =0, ve =0 and vz = u for in-flow, 

where Tin and u are a inlet liquid temperature and a flow velocity at the entrance of the test 
section. 

7.1.3 Method of solution 
The control volume discretization equations were derived from these fundamental equations by 
using the hybrid scheme [49]. The thermo-physical properties for each control volume are given 
as those at each volume temperature. The procedure for the calculation of the flow field is the 
SIMPLE algorithm which stands for Semi-Implicit Method for Pressure-Linked Equations. 

The surface heat fluxes, q, for the heated length were equally given in the range of 2.55x 105 to 
1.17x 107 W/m2 as an initial condition, and numerical calculation was continued until the steady-
state was obtained. The surface temperature on the test tube, Ts, was calculated from the 
analyzed temperature of the outer control volume on the test tube surface, TEM, which is 
supposed to be located on the center of the control volume, by solving the heat conduction 
equation in liquid, Ts= (Ar)ouiq/211+ TEM. Average heat transfer coefficient on the test tube 
surface was obtained by averaging the calculated local surface temperatures at every 0.5 mm in 
the heated length, L. All the calculations were made by using the PHOENICS code [40]. 
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At the outer boundary of non-heated section: 
 

0
r
T
=

∂
∂              (32) 

 
At the lower boundary: 
 

uvand0v,0v,TT zrin ==== θ  for in-flow, 
 
where Tin and u are a inlet liquid temperature and a flow velocity at the entrance of the test 
section. 
 
7.1.3 Method of solution 
The control volume discretization equations were derived from these fundamental equations by 
using the hybrid scheme [49]. The thermo-physical properties for each control volume are given 
as those at each volume temperature. The procedure for the calculation of the flow field is the 
SIMPLE algorithm which stands for Semi-Implicit Method for Pressure-Linked Equations. 
 
The surface heat fluxes, q, for the heated length were equally given in the range of 2.55×105 to 
1.17×107 W/m2 as an initial condition, and numerical calculation was continued until the steady-
state was obtained. The surface temperature on the test tube, Ts, was calculated from the 
analyzed temperature of the outer control volume on the test tube surface, TEM, which is 
supposed to be located on the center of the control volume, by solving the heat conduction 
equation in liquid, Ts=(Δr)outq/2λl+TEM. Average heat transfer coefficient on the test tube 
surface was obtained by averaging the calculated local surface temperatures at every 0.5 mm in 
the heated length, L. All the calculations were made by using the PHOENICS code [40].  
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