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Abstract

In the present experimental study, a correlation is proposed to represent the heat transfer coefficients of
the boiling flows through horizontal rectangular channels with low aspect ratios. The gap between the
upper and the lower plates of each channel ranges from 0.4 to 2 mm while the channel width being fixed to
20 mm. Refrigerant 113 was used as the test fluid. The mass flux ranges from 50 to 200 kg/m2 s and the
channel walls were uniformly heated up to 15 kW /m’. The quality range covers from 0.15 to 0.75 and the
flow pattern appeared to be annular. The modified Lockhart-Martinelli correlation for the frictional
pressure drop was confirmed to be within an accuracy of +20%. The heat transfer coeflicients increase with
the mass flux and the local quality; however the effect of the heat flux appears to be minor. At the low mass
flux condition, which is more likely to be with the smaller gap size, the heat transfer rate is primarily
controlled by the liquid film thickness. A modified form of the enhancement factor F for the heat transfer
coefficient in the range of Re r <200 well correlates the experimental data within the deviation of +20%.
The Kandlikar’s flow boiling correlation covers the higher mass flux range (Repr > 200) with 10.7% mean
deviation. © 2001 Published by Elsevier Science Ltd.

Keywords: Two-phase flow; Horizontal rectangular channel; Frictional pressure drop; Two-phase frictional multiplier;
Boiling heat transfer

1. Introduction

Compact heat exchangers are widely adopted in refrigeration and air-conditioning indus-
tries because of their high heat exchanging performances. Mostly, a compact heat exchanger is
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composed of an array of rectangular channels with the small gap size (typically in the range of
0.5-2 mm). However, only a limited number of works have been reported on the frictional
pressure drop and boiling heat transfer within the small channels especially at the low flow rate
condition.

In boiling channels, heat is transferred either by nucleate boiling or two-phase forced con-
vection. Nucleate boiling mode is the dominant heat transfer mechanism in the high heat flux and
the low quality region. The corresponding flow patterns are the bubbly and the slug flows. Heat
transfer rate is enhanced by the flow mixing through repetition of bubble formation and departure
from the heated wall. Two-phase forced convection dominant region, however, is most likely to be
in an annular flow. Heat is transferred by the conduction and the convection modes through the
liquid film and the evaporation takes place continuously at the interface. Heat transfer rate in-
creases with the increases in quality and mass velocity.

Cornwell and Kew (1993) and Kew and Cornwell (1995) have examined the relationships be-
tween flow patterns and heat transfer coefficients for small rectangular vertical channels with the
cross section of 1.2 mm x 0.9 mm and 3.25 mm x 1.1 mm. R-113 was used as the working fluid.
They identified three flow patterns through flow visualization experiments. They are the isolated
bubbles (IB), confined bubbles (CB) and the annular-slug flow (ASF) regimes. The isolated-
bubbles regime is found in a very low quality region and the bubble sizes are small compared to
the channel gap size. In the confined-bubbles regime, however, the bubbles are as large as the gap
size and their motions are restricted by the channel walls. They proposed Confinement number as

0.5
o
Heons <g(pL - pc,)> v )
Here, p,, pg,Dn, 0 and g denote the liquid and gas densities, hydraulic diameter of the channel,
surface tension and the gravitational constant, respectively. The Confinement number was used as
an important dimensionless parameter in the confined-bubbles regime. The annular-slug flow
pattern was observed at the quality less than 0.2, and the heat transfer rate increased as the quality
increased. They proposed the heat transfer coefficient correlations for each region as follows:

IB region: Nu= CiRel*Bo"’, (2)
CB region: Nu = CyRe{ Bo"* N3\ pP*, (3)
ASF region:  Nu = C3FNuy,. 4)

Here, C;, C; and C; are the experimental constants and F is the enhancement factor. Dimen-
sionless parameters in Eqs. (2)—(4) (i.e., Nusselt number, Boiling number, all-liquid Reynolds
number, and Prandtl number) are defined as

_ Dy q' _GDn G

T gy = Re, = —2 .
ki’ ? Gir,’ o My - kv

Nu (5)
Here, h, ki, q", G, it, ;. and ¢, denote the heat transfer coefficient, liquid thermal conductivity,
heat flux, mass flux, latent heat of vaporization, liquid viscosity and the specific heat, respectively.

Lazarek and Black (1982) examined the boiling heat transfer and the pressure drop of a R-113
flow in a vertical tube with 3.1 mm internal diameter. They reported that the conventional
Lockhart-Martinelli correlation can be used with the value of C being 30 for the turbulent
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(liquid)—turbulent (gas) regime. They also found that the quality had no influence upon the heat
transfer rate and proposed a correlation similar to Eq. (2) as

Nu = 30Re?$Bo" ™. (6)

Tran et al. (2000) performed a series of experiments on the frictional pressure drops of R-134a, R-
12 and R-113 flows using 2.46 and 2.92 mm circular tubes and a rectangular channel with
4.06 mm x 1.7 mm. They correlated the experimental pressure drop data using the modified B-
coefficient method suggested by Chisolm (1983) in terms of the Confinement number (Eq. (1)) for
the turbulent (liquid)-turbulent (gas) regime.

Tran et al. (1993, 1996) measured boiling heat transfer coefficients for a R-12 flow in a hori-
zontal rectangular channel with 4.06 mm x 1.7 mm and in a horizontal circular tube of 2.46 mm
in diameter, respectively. Wambsganss et al. (1993) obtained the heat transfer coefficients for a
boiling flow of R-113 within a horizontal circular tube of 2.92 mm in diameter. Tran (1998)
pointed out that the boiling heat transfer results of Tran et al. (1993, 1996) and Wambsganss et al.
(1993) correspond to the nucleate-boiling-dominant region where quality ranges up to 0.6-0.8 and
proposed the correlation having the similar form of Eq. (3) as

0.297

Nu = T70(ReroNeonrB0)"* (p—0> . (7)
PL

Cornwell and Kew (1993), Kew and Cornwell (1995), Kuznetsov and Shamirzaev (1999), Oh et al.

(1998), Mandrusiak and Carey (1989), Robertson (1982, 1983) and Robertson and Lovegrove

(1983) found that the dominant heat transfer mechanism was the two-phase forced convection.

Kuznetsov and Shamirzaev (1999) studied the boiling heat transfer phenomena of a R-318C
flow in a horizontal small annulus with 0.9 mm gap. They showed that Eq. (7) represented ex-
perimental data well where quality ranges below 0.3 but the error increased as the film thickness
decreased (i.e., as the quality increased). They also reported that the corresponding flow pattern
was annular when the quality was greater than 0.3.

Oh et al. (1998) performed experiments on the boiling heat transfer of R-134a flowing through
horizontal tubes with 0.75, 1 and 2 mm in diameters. They showed that the boiling heat transfer
characteristics belonged to the two-phase forced convection in the quality ranges above 0.1.

Mandrusiak and Carey (1989) examined boiling heat transfer in vertical offset finned channels
with 1.91, 3.81 and 9.52 mm in fin heights using water, methanol, butanol and R-113. They re-
ported that the boiling heat transfer phenomenon was characterized by the two-phase forced
convection and the nucleate boiling was fully suppressed in most quality ranges, and suggested
that the enhancement factor, F, could be expressed as a function of Martinelli parameter.

Robertson (1982, 1983) and Robertson and Lovegrove (1983) examined the boiling flows of R-
11 and N, in vertical rectangular channels. The channel cross section was divided by plate fins and
was composed of small sub-channels with the hydraulic diameter of 2.4 mm. They emphasized
that the operating conditions of compact heat exchangers with the fins correspond to the low flow
rates and the low heat fluxes. The mass flux and heat flux conditions in their boiling experiments
were up to 150 kg/ m’ s and 4 kW/ m’, respectively. They showed that the heat transfer mode was
the two-phase forced convection. They also represented the experimental data based on the film-
flow model of Hewitt and Hall-Taylor (1970), applicable to low flow rate conditions with small
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passages, provided that the local two-phase pressure gradient is known. This implies that the
boiling heat transfer coefficient is somehow related to the two-phase frictional multiplier.

Nevertheless, for the two-phase forced convection regime, no reliable correlation for the heat
transfer coefficient based on the film flow model has been reported. Therefore, in the present
study, a heat transfer correlation was proposed for boiling flows within narrow gap channels with
their aspect ratios ranging from 0.1 to 0.02, much smaller than the previous works. The heat
transfer coefficient was correlated to the two-phase frictional multiplier and the channel aspect
ratio.

2. Experiments

Fig. 1 shows an experimental setup for the boiling heat transfer and pressure drop measure-
ments. The experimental setup is composed of a R-113 loop and a water-cooling loop to control
the R-113 temperature. The R-113 loop consists of a gear pump, rotameters, test section, cooler,
pre-heater, condenser and an after-condenser. The gear pump and rotameters with three different
measurable ranges (20, 100 and 350 cm?®/min) are used to control the flow rate. The pre-heater for
the adjustment of the temperature and the quality at the test section inlet is made of 3 m-long
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Fig. 1. Schematic diagram of the experimental system.
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stainless steel tube with 6.35 mm outer diameter. The pre-heater is the direct-resistance heating
type using the high-current-regulated DC power supply and the inlet quality was controlled from
0.15 to 0.75. The cooler and the condenser are the concentric counter-flow type heat exchangers
made of brass tubes with their outer diameters being 12.7 and 19.05 mm. Within the after-con-
denser, a coil-type heat exchanger and a heater with 5 kW were installed at the upper and the
lower parts, respectively, to control the system pressure; the after-condenser is also used as the R-
113 storage tank. The test section has the rectangular cross section with the height (gap) much
smaller than the width. As shown in Fig. 1, test section is composed of the upper and the lower
parts (<) and (V). The center portion of part V is protruded by 1 mm from its edge while that of
part < being grooved with its depth larger than 1 mm to form a rectangular channel. Three
different gap sizes were tested; the gap sizes are 0.4, 1 and 2 mm while the width of the channel is
fixed to 20 mm. Thus the channel aspect ratio ranges from 0.02 to 0.1. The tolerances of the gaps
of the channels were maintained within 0.01 mm. The test sections are made of stainless steel
plates as the current-carrying medium. A high-current-regulated DC power supply with the
maximum capacity of 660 A/10 V was used to heat the test section; the heat flux could be raised up
to 15 kW/ m". The entire length of the test section is 300 mm and two pressure taps located 20 mm
inwards from each end were drilled to measure the absolute pressure and the differential pressure
drop through the test section. Self-adhesive K-type thermocouples (Omega) were used to measure
the wall temperature distribution. Signals from the pressure transducers and the thermocouples
were recorded using a DT3001PGL board and a 32-channel DAS TC/B board, respectively.
Local boiling heat transfer coefficients were obtained as
q//

h (Tw - Tsat) ’ (8)
Here, saturation temperature, 7Tg,, was obtained indirectly considering two-phase flow pressure
drop along the flow direction. The inner wall temperature 7,, can be obtained by measuring the
outer wall temperature 7, assuming steady, uniform volumetric heat generation within the test
section wall as (Wambsganss et al. (1993))

///[2
Tw:TwAO_ <q2k > (9)

Here, ¢ is the thickness of the stainless steel walls of the test section (5 mm in the present case) and

q" stands for the volumetric heat generation within the wall material. The qualities at the inlet and

the outlet of the test section were calculated from the following energy balance relations.

Xin = pre —C LAT if 10
W o 2
Gtest
out — Xin . 11
Xout = Xin + Wiy (11)

Here, x, W and AT denote quality, mass flow rate and temperature rise between the inlet and the
outlet of the pre-heater, respectively. The local qualities along the test section could also be de-
rived from the qualities at the inlet and the outlet of the test section assuming a linear quality
distribution.



2048 H.J. Lee, S.Y. Lee | International Journal of Multiphase Flow 27 (2001) 2043-2062

An uncertainty analysis has been performed according to the method proposed by Kline (1985).
The estimated uncertainties of R-113 flow rates, temperature and pressure measurements are
+2%, +0.17 °C and +2%, respectively. The uncertainties of the qualities at the inlet of and within
the test section, frictional and accelerational pressure drops, and supply powers to the pre-heater
and the test section are £9.85%, +13.2%, +2.4%, +21.3%, +4.95% and +4.81%, respectively.
Also the uncertainties of the heat transfer coefficient ranges from +5.22% to +18.1%.

3. Single-phase flow pressure drop and heat transfer

Prior to performing boiling heat transfer experiments, friction factor and Nusselt number for
single-phase flow were obtained to check the reliability of the experimental system. The friction
factors for laminar flow through rectangular channels were obtained by using the simplified
(polynomial type) equation that fits the exact analytical solution within an accuracy of +0.05% by
Hartnett and Kostic (1989).

fRep, = h(a), (12)
h(x) = 24(1 — 1.35530 4+ 1.94670% — 1.7012¢° + 0.9564a* — 0.25374°). (13)

Here,

(=5 (7))

stands for the friction factor. Also ¥ and (dp/dz) F denote the mean velocity and the frictional
pressure gradient, respectively, and « represents the aspect ratio defined as the value of the height
divided by the width of the channel cross-section. As seen in Fig. 2, the experimental results with
R-113 agree with Eq. (12) for the laminar flows. Hartnett and Kostic (1989) proposed that hy-
draulic entrance length, Lyy, in rectangular channel is a function of the aspect ratio as

LHY = fn(oc)ReDhDh. (14)

The hydraulic entrance length is reduced as the aspect ratio decreases and the relationship be-
tween Lyy and fn(«) is shown in a graphical form by Hartnett and Kostic (1989). However, the
entrance effect in the present experimental conditions is negligible as evidenced in Fig. 2.

Nusselt numbers for the laminar flow through rectangular channels in the uniform heat flux
conditions were obtained by using the simplified equation that fits the exact analytical solution
within an accuracy of +0.03% by Hartnett and Kostic (1989) also.

Nu = f(“)? (15>
f () = 8.235(1 — 2.04210 + 3.08530> — 2.47650° 4 1.05780* — 0.18610°). (16)
Fig. 3 shows the present experimental results on the dimensionless thermal entrance length
x*(= 2(x/Dn)/Rep,Pr). For the laminar friction factors, Eq. (12) could be used without consid-
ering the entrance effect. On the other hand, the thermal entrance length must be considered as

shown in Fig. 3. This is because the thermal entrance length, L1y, depends on Prandtl number
which is greater than 1 as
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Fig. 2. Friction factors for single-phase flows in rectangular channels: (a) gap 2 mm; (b) gap 1 mm; (c) gap 0.4 mm.

LTH :fl’l,(OC)ReDhPI’Dh. (17)

Here, the relationship between Lty and fn'(2) is shown graphically by Hartnett and Kostic (1989).
In other words, the thermal entrance length is greater than the hydraulic entrance length, and the
entrance effect for the larger gap size, especially for the 2 mm-gap case, should not be neglected.
Kays and Perkins (1985) suggested the relationship between aspect ratio and Nusselt number in
the thermally developing region as a tabular form and the fitted lines from the numerical table
represent the experimental data well as shown in Fig. 3.

4. Frictional pressure drop in boiling flows

Pressure drop in boiling flows consists of two parts; accelerational and frictional pressure
drops. The accelerational pressure drop is expressed by Tran (1998) as
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Fig. 3. Laminar Nusselt values for single-phase flows in rectangular channels: (a) gap 2 mm; (b) gap 1 mm; (c) gap 0.4
mm (The hatched area denotes the experimental conditions for boiling flow with Re g < 200.)

Apa = G* Xout (1 _xout)2 _ X (1 _xin)2 (18)
pGgout pL(l - Sout) pGgin pL(1 - gin)

Here, ¢ denotes the void fraction and was expressed by Zivi’s correlation (1964) as

e |1e (“)(g_G) (19)

Then the frictional pressure drop can be obtained by subtracting the accelerational pressure drop
(Eq. (18)) from the measured two-phase pressure drop as

Apr = Aprp — Apa. (20)

In the adiabatic flow condition, there will be only the frictional pressure drop. Fig. 4 shows typical
variations of the pressure drops with the mass flux and the inlet quality for the gap size of 0.4 mm.
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Fig. 4. Typical variations of the pressure drop (gap 0.4 mm, adiabatic condition).

As imagined, the pressure drop increases with the increases in the mass flux and the inlet quality.
From the measured results, the two-phase frictional multiplier, ¢; was obtained as a function of
the Martinelli parameter, X as shown in Fig. 5. The two-phase frictional multiplier and the
Martinelli parameter are defined as

- (20), /(%)
- (1)),

The Lockhart-Martinelli (1949) correlation is expressed as

c 1

¢i:1+)—(+)?. (23)
In the classical literature (Chisolm, 1967), the constant value of 12 has been proposed for C for the
flow regime with the liquid and the gas phases being laminar and turbulent, respectively, which
corresponds to the present case. However, as seen in Fig. 5, Eq. (23) with C = 12 cannot represent
the experimental data well, especially with the smaller gap size. The two-phase frictional multiplier
is obviously smaller with the smaller gap size as shown in Fig. 5. Besides, the two-phase frictional
multiplier depends on the mass flux. Lowry and Kawaji (1988) and Wambsganss et al. (1992) have
reported the effect of the flow rate on the two-phase frictional multiplier. On the other hand,
concerned with the effect of the gap size, Mishima et al. (1993) and Mishima and Hibiki (1996)
proposed a correlation for parameter C as a function of the hydraulic diameter. Later, to examine
the effects of the gap size and the flow rate simultaneously, Lee and Lee (2001) performed a series
of experiments on an air-water two-phase flow using the rectangular channels with
(0.4,1,2,4) mm x 20 mm. They proposed a correlation for parameter C for the laminar(liquid)—
turbulent(gas) regime as follows:

C = (6.185 x 107 2)Rel7*. (24)
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Fig. 5. Comparison between the present measurements and Lockhart—Martinelli correlation: (a) gap 2 mm; (b) gap 1
mm; (¢) gap 0.4 mm.

Fig. 6 shows that, though there is a tendency of underprediction, the values of ¢, obtained by
Egs. (23) and (24) (for the air—water flow) agree with the present measurements (for R-113) within
+15% without adjusting the value of C.

To predict the frictional pressure drop for a boiling flow, the quality variation along the flow
direction must be taken into account as

B L Xout 5 dp
Apg = —(xom ) /xm ¢>L<$F> de. (25)

Here, L denotes the distance between the pressure taps. Fig. 7 compares the measured pressure
drops with the predicted ones obtained from Eq. (25) using the two-phase frictional multipliers by
Lockhart-Martinelli (1949), Mishima and Hibiki (1996), Friedel (1979), Tran et al. (2000) and Lee
(2001). The results of Lockhart-Martinelli (1949) and Mishima and Hibiki (1996) show somewhat
larger deviations than the results of Lee and Lee (2001). This is because Lockhart-Martinelli
correlation on ¢; does not count the gap size and the mass flux effects at all, and also Mishima
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Fig. 7. Comparison between the present measurements and the previous correlations.

and Hibiki (1996) took account of the size effect only. The Friedel correlation has been recom-
mended to predict frictional pressure drop for the condition of y; /g < 1000 (Collier and Thome,
1994). However, the deviations from the measured results are large for the present case as ex-
hibited in Fig. 7. Especially, the errors are large at low Reynolds numbers. This is because the
Friedel correlation was basically developed for turbulent flows. Triplett et al. (1999) has reported
that the Friedel correlation over-predicts the pressure drop more than 10 times that in the laminar
flow region. Tran et al. (2000) modified B-coefficient method proposed by Chisolm (1983) using
the Confinement number. The present experimental conditions belong to the two-phase forced
convection region where the flow pattern is most likely to be annular as discussed by Lee (2001).
Thus the Confinement number which represents the restriction on the bubble motion by the
channel gap size is not suitable for the present experimental conditions. Therefore the deviations
of the measured data from the correlation of Tran et al. (2000) are large as shown in Fig. 7. On the
other hand, Eq. (25) with the modified Lockhart-Martinelli correlation using the parameter C



2054 H.J. Lee, S.Y. Lee | International Journal of Multiphase Flow 27 (2001) 2043-2062

30000 : . . .
Gap, mm +20%
25000 | & 04 X
o 1.0 A éA
o 20 NP
2 20000 1 20%1
= A
é 150004 SN i
= A
[-™
af? 10000 R
5000-| ]
0

0 5000 10000 15000 20000 25000 30000
Ap,, Pa (Measurements)

Fig. 8. Comparison between the present measurements and the correlation by Lee and Lee (2001).

(Eq. (24)) proposed by Lee and Lee (2001) represents the experimental results well within +20% as
shown in Figs. 7 and 8.

5. Boiling heat transfer

Fig. 9 shows the variations of boiling heat transfer coefficients with quality, mass flux, heat flux
and channel gap size. Except for the lowest mass flux conditions (G = 51.5-51.7 kg/ mzs) in Figs.
9(a) and (b), the heat flux has minor effect on the boiling heat transfer coefficient in all gap sizes.
On the other hand, the boiling heat transfer coefficient obviously increases with the increases of
the quality and the mass flux. From these qualitative observations, the two-phase forced con-
vection is considered to be the predominant mechanism in heat transfer. When Fig. 9 is carefully
examined, the effect of the mass flux on the heat transfer coefficient becomes smaller as the gap
size gets smaller. In other words, the effect of the quality change (i.e., the variation of the film
thickness) on the heat transfer coefficient becomes greater than the mass flux effect with the
smaller gap size.

In the second column of Table 1, all the present experimental results were compared with the
flow boiling correlations by Kandlikar (1990), Shah (1982), Jung et al. (1989) and Wattelet (1995).
Less than 70% of the data points stay within £20% range of their correlations. This attributes to
the fact that the above general correlations are based on the turbulent flow results. Robertson
(1982) stated that the film-flow model of Hewitt and Hall-Taylor (1970) is applicable to the low
flow rate conditions inside the small passages when the local two-phase pressure gradient is
known. This model was developed for the vertical annular flow with the assumption of the uni-
versal velocity profile within the liquid film. In small channels, the gravitational effect is negligibly
small and the model is also applicable to the horizontal flow case. Thus the force balance for the
control volume including the liquid and the gas phases can be written simply as

(%)-41;— (26)
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Fig. 9. Boiling heat transfer coefficients in rectangular channels with qualities, mass fluxes, and heat fluxes: (a) gap 2

mm; (b) gap 1 mm; (c) gap 0.4 mm.

Table 1
Statistical comparison of correlations
All data Data within Repy > 200
MD? (%)  Data within +20% range (%) MD? (%)  Data within +20% range (%)
Kandlikar (1990) 16 69.8 10.7 86.7
Shah (1982) 17 68.6 11.1 88.1
Wattelet (1995) 22.5 54.3 15.8 71.1
Jung et al. (1989) 14.6 68.9 11.1 81.5
“ Mean deviation = (1/N) Y /e sl

Here, 7, denotes the wall shear stress. The relationship between the dimensionless film thickness
and the film flow rate has already been proposed by Hewitt and Hall-Taylor (1970) as

W =0.5m", 0<m' <S5,

W = —0.805m" + 5m* Inm* + 12.45,

5
Wt =8.0m" +2.5m Inm* — 214, m' >

<m' < 30,

30,

(27)
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W+_WLF_&

_ e _ 2
Py, 47 (28)
0y/Tw

mt = %. (29)

L

Here, Wi, P and 6 denote the mass flow rate of the liquid film, the wall perimeter and the liquid
film thickness, respectively. Hewitt and Hall-Taylor (1970) provided the graphical relationships
between the film Nusselt number and the film Reynolds number defined as

0
NMLF = hTP s (30)
ky
Rerp = 45”LFPL _ pLjLDn (31>
Hy 129

for different values of the Prandtl number. Here, /tp, ki, urr and ji denote the two-phase heat
transfer coefficient, liquid thermal conductivity, mean velocity of the liquid film and the liquid
superficial velocity, respectively. The liquid film thickness, 6 can be calculated from Eqgs. (26)—(29).
The same relationships were tabulated in the book of Collier and Thome (1994).

In Fig. 10, the calculated results were plotted using the film-flow model for the mass flux and
the gap size ranges of 50-200 kg/ m’ s and 0.4-4 mm, respectively. With the low mass flux (region
A), the heat transfer coefficients are the function of the liquid film thickness only and the mass flux
has almost no effect. That is, the heat transfer coefficients increase only with the decrease of the
film thickness. If the liquid flow rate becomes extremely small, heat is transferred only by the
conduction mode through the liquid film as

k
hp = % (32)

Region A corresponds to the range of the low film Reynolds number; and the film Reynolds
number decreases with the decrease of the gap size for the same mass flux conditions. In region B,

Gap, mm
Gkgm’s 04 1 2 4
100004 50 E e A v
100 o o A v
150 B & A& ¥
B o’ X X

10004

1004 /

T T T
1x10° 1x10™ 10°

4 m

Fig. 10. Boiling heat transfer coefficients obtained from the film-flow model by Hewitt and Hall-Taylor (1970) (Region
A is for the lower Repr; Region B is for the higher Reyf).

h,,, Wim’K Hewitt and Hall-Taylor (1970)
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the film Reynolds numbers are higher than those in region A. In other words, the film Reynolds
number increases with increases in the mass flux and/or the channel gap size. Higher heat transfer
coefficient with the larger mass flux (in Region B) attributes to the convection effect in the liquid
film. Furthermore, the liquid film tends to be turbulent with the increase of the liquid mass flow
rate. Collier and Thome (1994) reported that the laminar liquid film with the smooth interface
could be sustained below the film Reynolds number (Reg) of 200. In this region, the mixing effect
within the liquid film is negligible regardless of the core-gas velocity. The measured boiling heat
transfer coefficients in Fig. 9 were replotted in Fig. 11 for the high and low liquid film Reynolds
numbers with the criterion at Re;r = 200. Fig. 11(a) again exhibits the heat transfer coeflicient is
only a function of the film thickness. In Fig. 11(b), however, the heat transfer coefficient depends
on the factors other than the film thickness and the mixing effect (i.e., the film turbulence or, at
least, the surface wavyness) is considered to be the most probable factor. As already stated, the
general correlations reported by the researchers in Table 1 are based on the experimental results
on the turbulent flow. That is why mean deviations shown for the case with Re g > 200 in the
third column of Table 1 are much smaller than that with all data points (in the first column of

10000 ;
M
§ 10004 i
E
-
Gap, mm
A 04
o 1
o 2
100 ;
1E-5 1E-4 1E-3
(a) 4 m
10000 ;
M
£ 1000 -
=
&
= Gap, mm
A 04
o1
o 2
100 ;
1E-5 1E-4 1E-3
(b) dm

Fig. 11. Measured boiling heat transfer coefficients with the liquid film thickness: (a) Rerr < 200; (b) Rerr > 200.
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Table 1). The Kandlikar (1990) correlation best predicts the boiling heat transfer coefficients for
the ranges of Rerr > 200. The Kandlikar correlation, developed for the saturated flow boiling
inside vertical and horizontal tubes based on a total of 5246 data points for water, R-11, R13-BlI,
R-22, R-113, R-114, R-152a, nitrogen, and neon, is given by

hrp = |[D1CY2(25F)” + D3BoP* Fy | by, (33)

where the symbols and the values of the constants are given in Table 2.

In the low flow rate condition (Rer g < 200), the heat transfer coefficients solely depends on the
liquid film thickness as in Fig. 11(a). Chen (1963) reported that the enhancement factor, F (the
ratio of the boiling heat transfer coefficient to the single-phase heat transfer coefficient), could be
represented by the Martinelli parameter basically in the turbulent film-flow region. However, the
same concept may be extended to the laminar film flows as far as the flow pattern remains to be
annular. Therefore the Chen (1963)’s process was re-examined to predict the heat transfer coef-
ficient for the laminar film flows within rectangular channels. In this case, the information on the
film thickness is essential in predicting the heat transfer coefficient. For a rectangular channel with
the aspect ratio, «, parameter F can be written as

h
F=-" (34)
hy
Here, itp and 4 denote the two-phase heat transfer coefficient and the single-phase liquid heat
transfer coefficient based on the liquid component flow, respectively, and the heat transfer co-

efficients for the both cases can be written down as

ki
hL = f(OC) D—, (35)
h
ki
hrp = g(o) —. 36
T = g( )45 (36)
Table 2
Constants and symbols for Eq. (33) (Kandlikar, 1990)
Constant For Cy < 0.65 For Cy > 0.65
D, 1.136 0.6683
D, -0.9 -0.2
D; 667.2 1058
D, 0.7 0.7
Ds* 0.3 0.3
1—x 0.8 0.5
o= (=) ()
x oL
ky

hy = 0.023ReYE P4 5

Fn =13 for R-113

GZ
Frp =—5—
"7 pigh

*Ds = 0 for Fr. > 0.04.
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Here, f(«) and g(«) stand for the effects of the aspect ratios. As already noted, /(o) is defined in
Eq. (16), and g(a) # f(«). The experimental conditions for the boiling flow with Re;r <200 are
indicated in Fig. 3 as the hatched regions. The single-phase heat transfer results for Repr <200
correspond to the thermally fully developed condition expressed by Eq. (15) regardless of the gap
size. Thus F can be rewritten as

g(2) Dy Dy,
F=S" "0 o —).
CERAG) o
On the other hand, from Egs. (21), (26) and (29), film thickness, 6 may be expressed as
dp \ dp \
S~ ~ [ —5F =o' ——F) . 38
K < dz >TP . < dz >L G8)
Here,

(25 ~ it
dz" /)y D;

and A(a) is defined in Eq. (13). Since the two-phase frictional multiplier is a function of the mass
flow rate, quality and the fluid properties, Eq. (38) should be simplified as

&~ b)), (39)
Hence parameter F in Eq. (37) becomes a function only of the aspect ratio and the two-phase
frictional multiplier as

F = fa 1), 0
This implies that the two-phase effect in heat transfer (F) can be directly correlated to the same

effect in pressure drop (¢ ) for the laminar(liquid)-turbulent(gas) flow regime. From the mea-
sured data, F parameter for the ranges of Re r <200 can be expressed as

F = 10308 g%, (41)

20 T T T

Gap,mm

15

oo P>
0 — o
0

0 T T T
0 5 10 15 20

F, Measurements

Fig. 12. Comparison between the measured F parameter and the predicted value.
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Fig. 13. Comparison between the measured boiling heat transfer coefficients and the predictions: (a) gap 2 mm; (b) gap
1 mm; (c¢) gap 0.4 mm.

The above equation represents the present experimental results within =20% as shown in Fig. 12.
Also, the measurements and the predictions of the boiling heat transfer coefficients for the ranges
of Rerr < 200 are compared in Fig. 13. The newly developed correlation represent well the

measured heat transfer coefficient with variations of the quality and the mass flux as indicated in
Fig. 13.

6. Conclusions

In the present experimental study, a correlation is proposed to represent the heat transfer
coeflicients of the boiling flows through horizontal rectangular channels with low aspect ratios.
The frictional pressure drops for the boiling flow predicted by using the modified Lockhart—
Martinelli correlation (Lee and Lee (2001)) agree well with the measurements within the deviation
of £20%. The heat transfer coefficient increases with the mass flux and the local quality; however
the effect of heat flux appeared to be minor. For the smaller gap size and the lower flow rate
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conditions, the heat transfer is primarily controlled by the film thickness. Parameter F for the heat
transfer coefficient correlates the experimental data in the ranges of Re;r < 200 within the devi-
ation of +20% when the two-phase frictional multiplier correlation proposed by Lee and Lee
(2001) is adopted. For the higher flow rate (Re ¢ > 200), the Kandlikar’s flow boiling correlation
represents the heat transfer data with 10.7% mean deviation.
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