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10Accurate models for the onset of nucleate boiling, density of active nucleation sites (Na),

bubble departure size (Dd), and departure frequency (fd) are essential to the success of

computational fluid dynamics analysis of two-phase thermal-hydraulics involving subcooled

flow boiling in nuclear reactor systems. This work presents an experimental study of

subcooled flow boiling in a vertical upward narrow rectangular channel that mimics the flow

15passage in the plate fuel assembly of boiling water reactors. The experiments are conducted

over a range of mass flux (G 5 122–657 kg/m2s), inlet subcooling (DTsub 5 4.7–33.3̊C), and

heat flux (q00 5 1.7–28.9W/cm2). Based on the experimental data, empirical correlations are

developed for the prediction of onset of nucleate boiling, Na, Dd, and fd for given flow

conditions. These correlations are valid in the nucleate boiling regime when the wall

20superheat is less than 128C and can be incorporated in the computational fluid dynamics

codes to enable more precise simulation of subcooled flow boiling heat transfer and two-

phase flow in nuclear energy applications.

Keywords computational fluid dynamics, subcooled flow boiling, narrow rectangular

channel, nucleate boiling, bubble, heat transfer

INTRODUCTION

Subcooled flow boiling in narrow rectangular channels with a hydraulic diameter of

1–2mm is a critical thermal-hydraulic process encountered in the plate fuel assembly of

boiling water reactors (BWRs) [1, 2]. In subcooled boiling, bubble nucleation occurs only

30in the superheated boundary layer close to the wall while the bulk of the fluid remains

subcooled. The resulting void fraction, although small, will affect the downstream boiling

processes and phase distribution. The subcooled boiling region also influences the
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development of flow instabilities in a BWR due to the strong coupling between the void

fraction and neuron moderation in the reactor core [3]. Thus, a good understanding of

35subcooled flow boiling is essential to the safe design and reliable operation of BWRs.

At present, there are significant interests in developing computational fluid dynamics

(CFD) models to predict the subcooled flow boiling heat transfer and two-phase flow

characteristics in BWRs [4, 5]. The CFD approach is preferred over direct experimental

evaluation because of its lower cost and reasonable accuracy. Popular CFD codes in the

40nuclear industry include TRACE, RELAPS, and CATHARE Q2[6–8], in spite of their

simplified one-dimensional (1D) or two-dimensional (2D) nature. Advanced CFD models

using the two-fluid model, interfacial area transport equation, or bubble number density

transport equation have also been developed to provide more precise thermal-hydraulic

analysis for nucleate reactor systems [9–11]. Nonetheless, some fundamental issues

45persist in the simulation models. A particular one is the prediction of the onset of nucleate

boiling (ONB). The current CFD models designate the point where the local wall

temperature reaches the saturation temperature as the location of the ONB. This

assumption is in direct conflict with the minimum wall superheat criterion established in

the ONB theory by Hsu [12]. Furthermore, several elementary parameters of boiling heat

50transfer, such as the active nucleation site density, bubble departure size, and frequency,

must be provided a priori in the CFD models. While numerous models are available in the

literature for the prediction of these parameters, most of them were derived from pool

boiling studies and only some were for flow boiling in conventional-sized channels or

microchannels. In these cases, the bubble dynamics and ebullition process are either

55unrestricted by the flow space (as in pool boiling and flow boiling through conventional-

sized channels) or confined by both dimensions of the cross -section of the flow channel (as

NOMENCLATURE

Ac area of heating surface (m2)

cpl specific heat of liquid (J/kgK)

d spacing between neighboring

thermocouples (m)

Dd bubble departure diameter (m)

Dh hydraulic diameter (m)

fd bubble departure frequency (Hz)

G mass flux (kg/m2s)

H channel height (m)

hfg latent heat of vaporization (J/kg)

Ja Jakob number

k thermal conductivity (W/mK)

L channel length (m)

Na active nucleation site density (sites/m2)

q power (W)

q00 heat flux (W/m2)

Re Reynolds number

t time (s)

T temperature (8C)

W channel width (m)

z axial direction of heating surface (m)

Greek Symbols

DT temperature difference (8C)

u contact angle (degrees)

m dynamic viscosity (m2/s)

r density (kg/m3)

s surface tension (N/m)

Subscripts

b bubble

c channel

d departure

g growth

in inlet

l liquid

ONB onset of nucleate boiling

out outlet

s solid

sat saturation

sub subcooling

sup superheat

v vapor

w waiting
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in microchannels). In contrast, the narrow rectangular channels employed

Q1

in nuclear

reactors usually have a shallow cross-section with a high aspect ratio; i.e., only one

dimension is comparable to the size of nucleate bubbles, along which the bubble growth

60and departure is restrained. Consequently, the flow boiling physics in the narrow channels

may be drastically different from that in the conventional-sized channels and

microchannels, and the existing models cannot be applied directly.

This work aims to experimentally investigate subcooled forced convection boiling

through narrow channels and to develop reliable models for the key boiling parameters that

65can be adopted in the CFD study of flow boiling in the plate fuel assembly of BWRs.

Accordingly, flow boiling experiments are conducted for the upward flow of water through

a narrow rectangular channel over a wide range of flow conditions (mass flux, inlet

subcooling, and heat flux). Based on the experimental data, empirical predictive models

are developed for the ONB, density of active nucleation sites, and bubble departure size

70and frequency in subcooled flow boiling. Since these models capture the unique flow

features in narrow channels, they are expected to be able to offer more accurate thermal-

hydraulic analysis of flow boiling heat transfer and two-phase flow for nuclear

applications. The article is organized as follows. A brief literature review is first presented

to summarize the available results for the ONB, active nucleation site density (Na), bubble

75departure size (Dd), and departure frequency ( fd). The experimental apparatus and

measurement methods are then described in detail. Following that, the measured

experimental data of the ONB, Na, Dd, fd, as well as the corresponding empirical

correlations developed are discussed.

LITERATURE SURVEY

80ONB

The ONB demarcates the boundary between single-phase and two-phase heat

transfer in the flow channel. Thus, identifying the exact location of the ONB constitutes the

first step to evaluate subcooled flow boiling heat transfer. A large number of studies have

been directed at understanding the basic mechanisms and predicting the incipient heat flux

85at the ONB. Detailed literature reviews of the ONB can be found in [13, 14]. Most of the

available models/correlations are based on the superheat criterion developed by Hsu for

pool boiling [12]. Hsu’s theory states that the bubble nucleus would grow only if the

minimum temperature surrounding the bubble (i.e., the temperature at the tip of the

bubble) is at least equal to the saturation temperature of the vapor inside the bubble.

90Following Hsu’s [12] work, subsequent researchers incorporated the effects of various

parameters, such as the contact angle, available range of nucleation cavities, and flow field,

in their ONB models. Sato and Matsumura [15] derived an analytical relationship to

calculate the incipient heat flux in terms of the wall superheat. Bergles and Rohsenow [16]

obtained an empirical correlation for the heat flux at the ONB by taking into account the

95influence of system pressure on the thermophysical properties. Davis and Anderson [17]

extended the analysis of Sato and Matsumura [15] and introduced the contact angle as a

variable in the ONB prediction. Later, Basu et al. [18] noted that the probability of finding

unflooded nucleation cavities of the size corresponding to Hsu’s [12] superheat criterion

diminishes as the surface wettability increases. They included a contact angle-dependent

100correction factor in estimating the available cavity size and derived a correlation for

UEHT 973978—29/12/2014—ANANDAN.R—498918—707 Style

3



predicting the wall superheat and wall heat flux at ONB. There are relatively fewer studies

on ONB in flow boiling, especially through small-sized channels. Liu et al. [13] formulated

a closed-form analytical model to predict the ONB that accounts for the dependence of

incipience heat flux on the fluid inlet velocity and subcooling, contact angle, microchannel

105dimensions, and fluid exit pressure. Based on a bubble departure criterion, Qu and

Mudawar [19] constructed a mechanistic model to predict the incipient boiling heat flux

that combined both mechanical conditions (i.e., the force balance on a bubble) and thermal

conditions (i.e., superheating at the liquid-bubble interface). Li and Cheng [20] employed

nucleation kinetics theory to estimate the wall superheat at ONB and included the effects

110of contact angle, dissolved gas, and the existence of cavities and corners in microchannels

on ONB.

Active Nucleation Site Density

A few investigations have been conducted on the active nucleation site density (Na)

in pool boiling and convective flow boiling conditions. The general observation is that Na

115depends strongly on the heat flux, wall superheat, and available nucleation cavities. Jakob

[21] was the first to report the relationship between Na and wall heat flux. Mikic and

Rohsenow [22] derived the functional dependence of Na on the size of cavities that are

present on the boiling surface. Kocamustafaogullari and Ishii [10] suggested that Na in

pool boiling is influenced by both the surface conditions and the thermophysical properties

120of the fluid, and they established an empirical correlation based on their experimental data

using water as the working fluid. Yang and Kim [23] found that the PDFs of the cavity

radius and cone angle follow Poisson and normal distributions, and they suggested that Na

can be computed from the cavity distribution functions along with information of the

minimum cavity size required for nucleation. Wang and Dhir [24] predicted Na in pool

125boiling of water on a vertical surface as an exponential function of the minimum available

cavities and wettability parameters. Zeng and Klausner [25] concluded that flow velocity,

heat flux, and system pressure all have a strong impact on Na in flow boiling, and therefore,

it is insufficient to correlate Na only with the minimum available cavities. Basu et al. [18]

studied the factors affecting Na in forced convective boiling of water on a vertical wall and

130found there is no systematic dependence of Na on the mass flux G and inlet subcooling

DTsub. They developed correlations for Na as a function of wall superheat DTw and contact

angle u. Hibiki and Ishii [26] derived a mechanistic model for Na on the basis of the

distributions of cavity size and cone angle on the boiling surface. Lie and Lin [27]

investigated Na for flow boiling of R134a in a horizontal narrow annular duct and observed

135that Na is mainly affected by the wall superheat and size of the duct.

Bubble Departure Size and Frequency

Bubble departure size (Dd) is an important parameter in nucleate boiling heat transfer

due to its close relevance to the ebullition frequency and heat flux partitioning [28, 29].

Current understanding of bubble departure stems largely from the classic model by Fritz

140[30] that predicts Dd by considering the balance of buoyancy force and surface tension on a

bubble in a pool boiling system. Most of the existing bubble departure models have

followed this approach and further incorporated additional force terms to count for the

complexities in different boiling systems. Klausner et al. [31] and Zeng et al. [32, 33]
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proposed force equilibrium equations for the prediction of Dd in both pool boiling and flow

145boiling. Basu et al. [29] studied the bubble departure diameter in forced convective boiling

of water on a vertical surface and found that Dd depends on the wall superheat, inlet

subcooling, flow velocity, and contact angle.

The bubble ebullition cycle consists of a growth period tg and a waiting period tw.

During the growth period, the newly nucleated bubble grows and detaches from the boiling

150surface once reaching the departure size. The waiting period is the time elapsed between

the departure of a previous bubble and the appearance of the next one. Accordingly, the

bubble departure frequency fd can be estimated as fd ¼ 1/(tg þ tw). Jakob [21] first

proposed that the product of Dd and fd is a constant in pool boiling. Later, Cole [28]

postulated that the product of Dd and fd equals the rate at which the bubbles rise away from

155the surface, and a formula for fd was derived based on the analysis of the balance of

buoyancy force and the drag force on a freely rising bubble. Zuber [34] obtained the bubble

growth rate in the non-uniform temperature field in pool boiling so bubble growth time tg
can be calculated for a given bubble departure diameter. Podowski et al. [35] derived an

analytical solution to estimate tw in flow boiling by considering the transient heat

160conduction in the heated wall and convection from the wall to the liquid. In developing

correlations for tg and tw in subcooled flow boiling, Basu et al. [29] took into account the

effects of liquid subcooling and wall superheat, and they found that increasing the inlet

subcooling leads to higher tg and that tw is independent of the wall superheat.

The literature survey above reveals that a large body of knowledge exists on ONB,

165Na, Dd, and fd; however, the available models and correlations are derived primarily from

the studies of pool boiling, and only some are from investigations of flow boiling in

conventional-sized channels or microchannels. Consequently, their capability for

predicting flow boiling heat transfer in narrow channels may be cast into question.

EXPERIMENTS

170Experimental Facility

An experimental facility is constructed to study subcooled flow boiling heat transfer

in a vertical upward rectangular channel. As depicted in Figure 1, it mainly consists of a

flow loop, test section, high-speed imaging system (Motion Pro Y4), Q3and data acquisition

unit (Agilent 34970A). Q4The working fluid (deionized water) is circulated through the test

175loop by a variable-speed gear pump (IDEX Micropump 67-GA-V21). Q5The flow rate is

measured by a mass flowmeter (DMF-1-3-A/DX). Q6A pre-heater with a proportional–

integral–derivative (PID) Q7temperature controller is used to adjust the liquid subcooling at

the inlet of the test section. Once exiting the test channel, the vapor–liquid mixture flows

directly back to the reservoir, where it is rigorously boiled with an immersion heater to

180ensure that the fluid is fully degassed during the course of the experiment. A liquid–liquid

heat exchanger (Lytron LL520G14) Q8is situated downstream of the reservoir to condense

any vapor before the fluid re-enters the pump. A 100-mm filter is installed to remove any

solid particles from the flow loop.

The test section consists of an FR-4 epoxy resin support plate, a copper heating

185block, an FR-4 housing, a stainless steel cover, and 16 cartridge heaters, as illustrated in

Figure 2a. Figure 2b shows the cross-sectional view of the assembled test section. A quartz

glass is sandwiched between the cover and the housing as the viewing window. The flow
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channel is formed by the gap between the quartz glass and the copper block, the height of

which can be adjusted by selecting a PTFE Q9shim of different thicknesses. For the work

190reported in this article, the flow channel measures 330mm in length (L), 28mm in width

(W), and 2mm in height (H). The top surface of the copper block is polished before

assembly, and the surface topography is characterized by using atomic force microscopy

(AFM). The average surface roughness is 0.292 mm with a maximum peak-to-valley

distance of 1.085 mm.

195As shown in Figure 2c, eight deep grooves are cut in the copper block,

separating it into nine compartments. This configuration helps to minimize the axial

heat conduction through the substrate, thereby reducing the temperature smearing

effect caused by the high thermal conductivity of copper. Sixteen holes are drilled

into the bottom of the copper block to accommodate cartridge heaters. The cartridge

200heaters are powered by a 0–220-V AC variac and can each provide a maximum

power of 100W. A flow developing region prevails over a length of 65.5 mm

downstream of the channel entrance, following which the actual heated region

ensues. A 65.5-mm-long adiabatic region is also created upstream of the channel exit

for the vapor– liquid mixture to exit. Additionally, the flow is nearly stagnant at the

205two far corners of the narrow channel, where boiling will initiate first due to

excessive heating without sufficient convection. The resulting boiling characteristics

observed in the channel will be unrepresentative of a flow boiling system. Hence, to

eliminate this corner effect, the actual width of the copper block is shortened to

20mm, leaving two unheated regions (4 mm wide each) at the corners of the

210channel, as depicted in Figure 2b. Therefore, the effective dimensions of the heated

area in the flow channel are Lc ¼ 199mm and Wc ¼ 20mm, respectively.

M
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Figure 1. Schematic of experimental apparatus.
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Figure 2. Schematic of the test section: (a) 3D view, (b) cross-sectional view, and (c) copper block and

thermocouple placement.
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As illustrated in Figure 2c, five rows of type-T (copper-constantan) thermocouples

are installed at five streamwise locations along the length of the copper block (i ¼ 1 to 5).

Each row consists of three thermocouples ( j ¼ 1 to 3) that are separated by 14mm. The

215topmost ones ( j ¼ 3) are at a distance of d ¼ 14mm from the upper surface of the copper

block, and the temperature readings are extrapolated to provide the wall temperature at

the bottom surface of the flow channel. A constant heat flux boundary condition is

assumed on the bottom surface of the channel, and the local heat flux is obtained from the

temperature gradient measured by the thermocouples. The inlet and outlet temperatures

220of the fluid are measured by two type-K thermocouples located in the plenums of the

stainless steel cover. To reduce heat loss to the ambient, the test section assembly is

heavily wrapped by multiple layers of thermal insulating materials during the

experiments.

A high-speed camera is employed to visualize the bubble dynamics with a

225frame rate of 2,000 frames per second (fps) and a maximum resolution of 1,024 £
1,024 pixels. A microscope lens is used to achieve sufficient magnification and a

dynamic range of working distance. A high-intensity LED Q10light source is used for

illumination. Static images extracted from the recorded videos are analyzed to yield

information of the active nucleation site density, bubble departure size, and

230departure frequency. Prior to the experiments, the image system is calibrated using a

standard pattern of known size to determine the image-to-object ratio, which turns

out to be 24 mm/pixel.

Experimental Procedure

In each experiment, the gear pump is powered up and the flow rate is adjusted to the

235desired value. The pre-heater and PID temperature controller are then started and the fluid

inlet temperature set to the required subcooling. After the fluid inlet temperature stabilizes,

the variac is set to the desired power level. Since two-phase flow is inherently unsteady

once ONB occurs, a “steady” state is deemed to establish when the average readings from

the thermocouples remain unchanged (within ^0.38C) over a 1-min period. At this time,

240the flow rate, temperature, pressure, and power input values are recorded by the data

acquisition system. Each steady-state value is calculated as an average of 50 readings. The

heat flux is then increased in small increments for subsequent tests, and this procedure is

repeated.

Data Deduction

245In the experiments, a constant heat flux boundary condition is assumed on the

channel wall. The average heat flux is calculated as

q00 ¼ ðqinput 2 qlossÞ
Ac

; ð0Þ

where qinput is the total power input, qloss is the heat loss from the test section to the

ambient, and Ac is the effective heating area of the channel (Ac ¼ Lc £ Wc). The heat loss

250qloss is obtained by extrapolating the single-phase heat loss data to flow boiling conditions.

Under single-phase heat transfer conditions, qloss is estimated from the difference between
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qinput and the sensible heat gain by the fluid

qloss ¼ qinput 2 _mcplðTl;out 2 Tl;inÞ; ð0Þ
where ṁ is the mass flow rate, and Tl,in and Tl,out are the inlet and outlet temperatures of the

255fluid. After all the single-phase tests, qloss is correlated as a function of the average wall

temperature. Since the heat loss is primarily owing to natural convection and the ambient

temperature stays almost constant, the same correlation can be extrapolated to calculate

qloss under flow boiling conditions. In the experiments, more than 90% of the input power

is absorbed by the working fluid.

260The local heat flux q00i is determined from the measured temperature gradient using

the thermocouples in the ith row:

q00i ¼ ks
ðTi;2 2 Ti;3Þ

d
; ð0Þ

where ks is the thermal conductivity of copper, and Ti,3 is the measured temperature from

the topmost thermocouple at each streamwise location. Accordingly, the local wall

265temperature of the channel is calculated as

Tw;i ¼ Ti;3 2 ksq
00
i =d:

Measurement Uncertainty

The measurements uncertainties are summarized in Table 1. A standard error

270analysis [36] shows the uncertainties in the reported heat flux are less than 5.2%.

RESULTS AND DISCUSSION

The experiments are conducted over a range of mass flux (G) varying from 122 to

657 kg/m2s, inlet temperature (Tin) from 66.78C to 95.48C (the corresponding subcooling

DTsub from 4.78C to 33.38C), and average heat flux (q00) from 1.7 to 28.9W/cm2. The

275detailed test matrix is enumerated in Table 2.

In this work, no efforts are attempted to formulate new analytical models to interpret

the experimental data, since one major goal is to acquire and validate facile correlations

that can be conveniently implemented in CFD codes to enhance the predictive capability

for subcooled flow boiling. Thus, empirical correlations are developed herein that correlate

280the incipience heat flux, bubble departure diameter, and departure frequency in terms of

Table 1. Summary of instrument accuracies

Instrument Accuracy

Type-K thermocouple ^0.38C

Type-T thermocouple ^0.28C

Pressure transducers 0.2% full scale for 0–0.1MPa

Flow meter 0.2%

AC power supply 1%
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measureable flow parameters, such as the mass flux, inlet subcooling, and wall superheat,

which are easily accessible in the CFD codes.

ONB

The ONB is represented by the first appearance of vapor bubbles on the boiling

285surface. At low heat fluxes, ONB takes place at the farthest downstream locations in the

flow channel. As the heat flux increases, the front of the ONB propagates to upstream

locations. In the present experiments, the ONB conditions (i.e., the incipience heat flux and

wall superheat) are determined from the boiling curves constructed with the heat flux and

wall superheat measurements, then verified by visual observations.

290Figure 3 shows the boiling curves for G ¼ 331 kg/m2s at three different inlet

temperatures: Tin ¼ 80.88C, 83.88C, and 88.48C, respectively. For each boiling curve,

single-phase heat transfer prevails at low wall superheat. The ONB occurs once the wall

superheat reaches a certain threshold value, as indicated by the sudden change in the slope

Table 2. Test matrix

Case u (m/s) G (kg/m2s) Tf,in (8C) q00max (W/cm2)

1 0.12 122 67.5 21.2

2 0.15 141 82.4 14.3

3 0.15 144 83.1 11.6

4 0.15 145 66.7–82.3 16.4

5 0.15 149 84.7 12.6

6 0.22 218 87.4 16.1

7 0.28 272 90 14.7

8 0.28 275 77.8 25.5

9 0.29 278 90.9 14.3

10 0.29 284 66.9–81.9 14.9

11 0.31 297 90.3–91.4 6.4

12 0.33 320 73.5–94.6 14.4

13 0.34 325 91.1–95.4 9.1

14 0.34 329 81.1 15.3

15 0.34 331 80.5–88.8 14.2

16 0.34 331 73.2–76.2 14.3

17 0.38 368 92.2–92.9 9.5

18 0.39 382 87.59–88.5 14.3

19 0.40 386 87.2 16.1

20 0.40 388 71.5–83.8 17.7

21 0.43 420 82.7–83.9 14.2

22 0.44 431 80.4 26.7

23 0.46 447 80.1–89.8 21.6

24 0.47 460 77.2–93.6 14.2

25 0.50 483 89.8–90.7 14.4

26 0.51 501 82.5–91.6 26.4

27 0.52 504 83.2 21.7

28 0.57 549 91 14.3

29 0.59 571 90–94.9 16.1

30 0.64 623 82.4 21.5

31 0.64 628 74.2 28.9

32 0.68 657 88 21.5
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of the boiling curve. Also shown in Figure 3 are the ONB conditions obtained from the

295visual observations. The bubble dynamics during subcooled flow boiling is visualized

using the high-speed imaging system. When the first group of bubbles appears, nucleate

boiling is deemed to have initiated, and the corresponding heat flux is recorded as the

incipient heat flux. It is found that the ONB conditions obtained from the boiling curve

agree well with those from the visual measurements. Additionally, Figure 3 suggests that

300both the incipient heat flux and the threshold wall superheat increase with increasing inlet

subcooling, although the increment in wall superheat is very mild, i.e., about 18C. Similar

trends can be observed more clearly in Figure 4 for increasing mass flux, where the wall

superheat increases by 48C when G varies from 325 to 571 kg/m2s. This is reasonable

because the velocity field has more significant impact than the inlet subcooling on the

305thermal boundary layer thickness, which determines the fluid temperature profile in the
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Figure 3. Determination of ONB from the boiling curves at different inlet temperatures (G ¼ 331 kg/m2s and

Tin ¼ 80.08C, 83.88C, and 88.48C).
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Figure 4. Determination of ONB from the boiling curves at different mass fluxes (Tin ¼ 91.48C and G ¼ 325,

501, and 571 kg/m2s).
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near-wall region of the flow channel. According to Hsu’s ONB criteria [12], the vapor

bubble is viable only when the liquid temperature at the tip of the bubble satisfies the

minimum superheat requirement. Therefore, a higher mass flux that results in a thinner

thermal boundary layer necessitates a higher wall superheat to ensure the occurrence of

310ONB, as shown in Figure 4. Despite the mass flux dependence, however, a few theoretical

studies reveal that the ONB criterion for subcooled flow boiling can be represented more

comprehensively by an incipient wall superheat versus heat flux relationship. For instance,

Liu et al. [13] derived the following superheat criterion for ONB in flow boiling through

microchannels:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tw;ONB

p
$

ffiffiffiffiffiffiffiffi
Tsat

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2sC

rvhfg

q00

kl

s
; ð0Þ

315where Tsat is the saturation temperature of the fluid, s the surface tension of the liquid–

vapor interface, rv the vapor density, hfg the latent heat, kl the thermal conductivity of the

liquid, and C the shape factor related to the contact angle (u) that the bubble makes with

the wall (C ¼ 1 þ cos u). In Equation (0), Tw,ONB depends strongly on q00, whereas the

320influence of the inlet conditions (mass flux and subcooling) is not explicitly present.

Similar findings were discussed in [37]. Following this approach, an empirical correlation

is developed by performing regression analysis of the experimental data:

DTw;ONB ¼ Tw;ONB 2 Tsat ¼
ffiffiffiffiffiffiffiffiffiffi
q00

2454

r
; ð0Þ

where Tw,ONB, Tsat, and DTw,ONB are in 8C and q00 is in W/m2. It is noted that Equation (0) is

325valid in the wall superheat range of DTw , 128C. Figure 5 shows the comparison of the

correlation predictions by Equation (0) with the measured wall superheat from the present

study. The predicted results of DTw,ONB agree well (to within 20%) with the experimental

data (mean deviation of 7.1%). This correlation can be conveniently incorporated in the

Figure 5. Comparison of the predicted values of DTw,ONB with the experimental data.
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CFD codes to search for the exact locations of ONB; i.e., for given heat flux and inlet

330conditions, bubble nucleation will occur whenever/wherever the computed wall superheat

exceeds the value predicted by Equation (0).

Active Nucleation Site Density

The density of active nucleation sites, Na, is measured over a viewing area of

approximately 1.25 cm £ 1.7 cm using the high-speed imaging system. The motion

335pictures are taken with a frame rate of 2,000 fps at various streamwise locations along the

channel surface. The recorded movie clips are then played back frame by frame, and the

number of active nucleation sites is counted manually to yield Na. Since Na is essentially

fixed under a given experimental condition but the bubble nucleation is a time-dependent

process, a total of 200 frames is analyzed for each test condition to ensure no active sites

340are omitted in the count. Figure 6 depicts the typical distribution of active nucleation sites

under different flow conditions. The images show that Na decreases with the inlet mass flux

and increases with the inlet temperature and applied heat flux. However, quantitative

measurements reveal that the effects of these parameters can be represented collectively by

the wall superheat, consistent with the findings of flow boiling through larger channels

345[18]. For instance, Figure 7a illustrates Na measured at different inlet subcooling

(DTsub ¼ 7.58C, 13.58C, and 14.28C) follows a same trend line when plotted against the

wall superheat, thereby indicating that Na is only weakly dependent on DTsub. Similar

observation can be made in Figure 7b for flow with different inlet mass flux (G ¼ 149, 218

and 278 kg/m2s). Moreover, Figure 7c shows that Na at three streamwise locations can also

350be correlated as a function of the wall superheat. The detailed experimental conditions for

Figures 7b and 7c are enumerated in Tables 3 and 4. Therefore, based on the present data,

an empirical correlation for Na is obtained by using regression analysis:

Na ¼ 0:28DT2:66
w ; ð0Þ

where Na is in sites/cm2. This correlation is valid in the wall superheat range of DTw ,
355128C, beyond which adjacent nucleate bubbles start to coalesce and the active sites can no

longer be discerned clearly. To validate this correlation, the predicted Na values are

compared with the experimental data in Figure 8, which shows a satisfactory agreement to

within ^35% (mean deviation of 19.8%).

Bubble Departure Diameter

360Bubble departure diameter Dd is measured by tracking the growth of bubbles

nucleated from 20 randomly selected active sites within the viewing area. The diameter of

the bubble that just detaches from the nucleation site is taken as Dd. In this work, no

distinction is made between bubble departure from the nucleation site via sliding and

bubble lift-off from the heating surface due to the vertical orientation and narrow cross-

365section of the flow channel. At a given flow condition, the bubble departure diameter from

each nucleation site is independently measured ten times, and the average value is

reported. Figure 9 shows the distribution of Dd in the observation area under three flow

conditions, where the probability density function (PDF) is defined as the number of

bubbles with a certain diameter normalized by the total number of bubbles [32]. It appears
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370the size distribution approximately follows a normal distribution for which mean and

variance depends on the mass flux, inlet subcooling, and/or wall superheat. Overall, the

mean value of Dd increases with the increase in DTw and the decrease in G and DTsub, as
can be seen from Figure 10.

Following the practice in [29], an empirical correlation is developed that expresses

375the bubble departure diameter as a function of DTw, DTsub, and G:

Dd

lc
¼ 0:0058Ja1:45sup exp ð20:015JasubÞ exp ð20:0001Re lÞ: ð0Þ

In Equation (7), lcis the characteristic length scaleðlc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=gðrl 2 rvÞ

p
). The

Jakob numbers Jasup and Jasub are based on DTw and DTsub; that is, Ja sup ¼ rlcplDTw/rvhfg
380and Jasub ¼ rlcplDTsub/rvhfg, respectively. Rel is the liquid Reynolds number, defined

q’’ = 14.2 W/cm2, Tin= 81ºC

A

B

C

G= 145 kg/m2s, q’’ = 10.2 W/cm2

G = 145 kg/m2s, Tin = 82ºC

Figure 6. Observations of active nucleation sites under various flow conditions: (a) q00 ¼ 14.2W/cm2 and

Tin ¼ 818C; (b) G ¼ 145 kg/m2s and q00 ¼ 10.2W/cm2, and (c) G ¼ 145 kg/m2s and Tin ¼ 828C.
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as Re l ¼ rluDh/ml, where u is the inlet velocity and Dh is the hydraulic diameter of the

channel (Dh ¼ 2HW/(H þ W)). This correlation is valid in the following range of

parameters:1,500 , Rel , 8,000, 11 , Ja sup , 36, and 3 , Jasub , 61. Figure 11 shows

the comparison of the predicted Dd and measured data. The results indicate that 104 out of
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Figure 7. Dependence of active nucleation site density on: (a) inlet subcooling, (b) mass flux, and (c) axial

location.
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Table 3. Experimental conditions in Figure 7b

G (kg/m2s) DTw (8C) DTsub (8C)

149 4.80 12.83

6.37 12.73

7.27 12.00

7.86 11.49

218 8.12 10.03

8.50 9.63

8.65 9.38

9.04 8.92

278 5.79 7.64

6.85 7.47

7.39 7.20

7.89 7.05

8.11 6.81

8.41 6.56

Table 4. Experimental conditions in Figure 7c

Z (mm) DTw (8C) DTsub (8C)

59.5 4.80 12.83

6.37 12.73

7.27 12.00

7.86 11.49

99.5 6.91 10.73

7.44 9.44

7.68 8.90

159.5 6.19 7.90

6.65 6.42

6.93 5.00

Figure 8. Comparison of the predicted values of Na with experimental data.
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385106 data points from the experimental measurements fall within ^25% of the correlation

prediction with a mean deviation of 9.7%.

Bubble Departure Frequency

Bubble departure frequency fd is measured from the same nucleation sites as those

used for the analysis of Dd. The departure frequency can be estimated as the reciprocal of

390the summation of bubble growth time and bubble waiting time:

f d ¼ 1

ðtg þ twÞ ; ð0Þ

where growth time tg is the time taken for a bubble to grow from the incipient size to its

departure size, and waiting time tw is the time elapsed from bubble departure until the
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Figure 9. Distribution of bubble departure diameter Dd.
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Figure 10. Influence of different flow parameters on bubble departure diameter.
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nucleation of a new bubble. Figure 12 depicts a complete bubble ebullition cycle, including

395both the growth period and the waiting period (DTw ¼ 8.28C, DTsub ¼ 14.28C, and

G ¼ 141 kg/m2s). From Figure 12, tg and tw can be measured, and it is found that tg
(¼2ms) is only a small fraction of the ebullition period (tg þ tw ¼ 29.5ms). More

measurements under different experimental conditions (different wall superheat, liquid

subcooling, and mass flux) reveal a decreasing trend in tg/(tg þ tw) with respect to (tg þ tw),

400as shown in Figure 13, which can be represented by

tg

tg þ tw
¼ 0:45ðtg þ twÞ20:8: ð0Þ

Over the entire range of the experiments, tg occupies less than 10% of the ebullition

cycle. In other words, the bubble departure frequency is primarily determined by tw.

Physically, the waiting time is the heating time needed for the thermal boundary layer
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Figure 11. Comparison of the predicted values of Dd with experimental data.

tw

t = 0 t = 0.5ms t = 1ms t = 1.5ms t = 2.0ms

t = 3.0ms t = 5.0ms t = 29.5mst = 4.0ms t = 30ms

tg

Figure 12. Bubble ebullition cycle (tg: bubble growth time and tg: waiting time).
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405thickness to re-grow to 3/2 times the cavity radius [38]. Since the transient heat

conduction process of the liquid in the vicinity of the heating surface is driven by the wall

superheat, it is expected that tw and, therefore, fd would strongly depend on DTw,
regardless of other flow parameters. Figure 14 shows clearly that the bubble departure

frequency follows a single trend line as a function of DTw (the detailed experimental

410conditions are summarized in Table 5). By using regression analysis, an empirical

correlation is obtained by

f d ¼ 0:032DT3:08
w : ð0Þ

This correlation is valid for DTw , 128C. Figure 15 shows the comparison between the

predicted values and the measured data of fd. Almost all of the experimental data fall

415within ^35% of the correlation prediction with a mean deviation of 18%.
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Figure 13. Relationship between tg and (tg þ tw).
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Figure 14. Dependence of bubble departure frequency on wall superheat.
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CONCLUSION

An experimental study of subcooled vertical upward flow boiling of water is

conducted in a narrow rectangular channel that measures 330mm in length, 28mm in

width, and 2mm in height. The ONB, active nucleation site density, bubble departure size,

420and frequency are characterized. The experiments are conducted over a range of mass flux

Table 5. Experimental conditions in Figure 14

G (kg/m2s) DTw (8C) DTsub (8C)

141 4.97 14.37

5.63 14.14

6.21 14.10

6.95 13.84

7.44 13.67

7.90 13.53

8.58 13.28

8.81 12.79

8.97 12.26

9.31 11.50

272 7.22 19.93

7.75 19.88

9.06 19.22

9.51 19.23

9.73 19.80

9.96 19.20

10.06 18.82

10.30 18.51

10.47 18.47

10.77 18.20

11.02 17.48

431 7.93 16.01

8.36 16.85

10.05 14.24

Figure 15. Comparison of the predicted values of fd with experimental data.
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(G ¼ 122–657 kg/m2s), inlet subcooling (DTsub ¼ 4.7–33.38C), and heat flux (q00 ¼ 1.7–

28.9W/cm2). The major findings are summarized next.

(1) The ONB conditions are influenced by the inlet mass flux, temperature, and

425subcooling but dependmore strongly on the wall superheat and the applied heat flux.

(2) The active nucleation site density depends primarily on the wall superheat but only

weakly on the liquid subcooling and mass flux.

(3) Bubble departure size is affected by the mass flux, wall superheat, and liquid inlet

subcooling, and the size distribution follows a normal distribution.

430(4) The bubble growth period is much shorter with regard to the waiting period and,

therefore, the influence of bubble growth period on the bubble departure frequency

can be neglected.

(5) Based on the experimental data, empirical correlations are developed for ONB,

active nucleation site density, bubble departure size, and frequency, which are valid

435for wall superheat of less than 128C. These correlations can be incorporated in the

CFD codes to accurately simulate subcooled flow boiling heat transfer and two-

phase flow.
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