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Abstract

A critical heat flux (CHF) study of the vertical up-flow of water through multiple thin rectangular channels was conducted. Pressures
varied from 89.8 to 115 kPa, inlet temperatures from 291 to 306 K, and mass fluxes from 9.5 to 39 kg m�2 s�1. Electrical resistance heat-
ers embedded in aluminum provided a uniform heat flux. A more universal and robust CHF correlation based on the geometry of the
Advanced Test Reactor at Idaho National Laboratory was developed. This new CHF correlation predicts 126 data points from this and
three previous studies within an error of ±8.5% with a 95% confidence.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A fundamental understanding of flow boiling heat trans-
fer and its potential critical heat flux (CHF) limit is impor-
tant to the safe and economic operation of high-heat-flux
systems such as the Advanced Test Reactor (ATR) in use
at Idaho National Laboratory (INL), particularly under
accident conditions such as loss-of-coolant or loss-of-flow
situations. This understanding is vital in light of the current
social-economical demands being applied by an ever-
increasing need for abundant and reliable energy. Based
on these demands and our current understanding of flow
boiling heat transfer, CHF research continues to address
the challenge of developing robust data correlations that
can be applied to a wide range of accident scenarios where
flow conditions, surface materials, and geometric configu-
rations significantly influence the CHF limit of the flow
boiling systems.

Previous studies on flow boiling heat transfer through
enclosed narrow channels reveal several important operat-
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ing parameters and geometric factors that significantly
affect the CHF condition. Generally, these factors include
the flow conditions of the cooling fluid, the type of heated
material in the test section, and the number and shape of
the heated channels [1–4]. Due to the complex nature of
this type of heat transfer, past studies most often focused
on a small subset of these factors related to specific appli-
cations. Thus, these studies often resulted in CHF correla-
tions that do not include factors applicable to more broad
applications. Therefore, it becomes necessary to develop
new or modify existing correlations in order to create more
robust and universal relationships for use in the design and
operation of high-heat-flux energy systems.

Early research on the CHF phenomena, such as those by
Bernath [5], and Bergles and Rohsenow [6], examined CHF
data related to the mechanisms governing the behavior of
boiling systems with the intent of developing a universal
CHF correlation. Although these early correlations have
not gained acceptance as being universally applicable, some
researchers still feel that given the correct dimensionless
parameters or experimental constants, a universal correla-
tion could be developed [1,7–12]. Other experimentalists,
however, feel that a universal CHF correlation is still far
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Nomenclature

A flow area [m2] (Eq. (4))
Ah heated surface area [m2] (Eq. (5))
Bi Biot number (Eq. (17))
Bo Boiling number (Eq. (23))
cp specific heat at constant pressure [J kg�1 K�1]
Dhy hydraulic-equivalent diameter [m]
g local acceleration due to gravity [m s�2]
G mass flux [kg m�2 s�1]
G* dimensionless mass flux (Eq. (2))
h convective heat transfer coefficient [W m�2 K�1]

(Eq. (22))
hfg enthalpy of vaporization [J kg�1]
Dhi inlet subcooling enthalpy [J kg�1] (Eq. (6))
k thermal conductivity [W m�1 K�1]
L channel length [m]
Lc characteristic length [m] (Eqs. (18), (24))
Lh channel heated length [m]
_m mass flow rate [kg s�1]
P static pressure [Pa]
Ph heated perimeter [m]
Pw wetted perimeter [m]
q electric heating power [W]
q00chf critical heat flux qmax/Ah [W m�2]
q* dimensionless critical heat flux (Eq. (1))

s channel gap [m]
T temperature [K]
V volume [m3]
w channel width [m]
wh channel heated width [m]
We�1

D inverse Weber number based on hydraulic-
equivalent diameter (Eq. (16))

We�1
L inverse Weber number based on channel length

(Eq. (7))

Greek symbols

k Taylor wavelength [m] (Eq. (3))
m kinematic viscosity [m2 s�1]
q mass density [kg m�3]
Dq liquid–vapor density difference [kg m�3]
r surface tension [N m�1]

Subscripts
f fluid
g vapor
i inlet
m metal
sat saturation
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off and choose to focus on developing correlations based
on specific test parameters such as flow direction, number
of heated channels, heated surface material, and flow chan-
nel geometry.

Croft [13] and Waters [14] presented two early studies on
effects of flow direction on CHF. Their research showed
that CHF values are lower for down-flow as opposed to
up-flow due to instabilities caused by the counter-current
flow of liquid and vapor near the channel exit. Subsequent
studies quantified the CHF values from down-flow to range
between 10% and 30% lower than the up-flow values for
similar flow conditions [15–18]. Sudo et al. [19,20] and
Sudo and Kaminaga [21] defined three flow regions repre-
senting low (<�30 kg m�2 s�1), medium (�30–1000
kg m�2 s�1), and high (>�1000 kg m�2 s�1) mass fluxes
that affect CHF values for up- and down-flow conditions.
Their results indicate that, for defined low-mass fluxes,
the CHF values for up- and down-flow conditions are the
same. For defined medium mass flux values, a significant
decrease in CHF occurs for down-flow when compared
to up-flow under similar conditions. Finally, for defined
high-mass flux region, no significant differences between
up- and down-flow CHF were observed, suggesting the
buoyancy effects on the system are no longer as important
as the forced flow of the fluid. Thus, studies that neglect the
effects of buoyancy on CHF ‘‘are justified in doing so only
when the velocities are high” [1].
In addition, Ambrosek and Durney [22] revealed that
the material used to fabricate the channels had a significant
effect on the overall heat transfer characteristics and CHF
values. They suggest that aluminum–water systems have
CHF values on the order of 20% higher than those mea-
sured for stainless steel. This result supports a pool boiling
study by Tachibana et al. [23] in which several different sur-
face materials including stainless steel, aluminum, nickel,
and copper were tested. Results indicated that the alumi-
num-heated surface had about 25% higher CHF values
than did the stainless steel surface under equivalent condi-
tions. Additional studies supporting the conclusion that
heated aluminum surfaces support higher CHF values
when compared to stainless steel attributes the difference
to aluminum’s higher heat conducting properties [1,24].

Similar to the instabilities identified in flow-direction
studies, Murase et al. [25] and Suzuki et al. [26] noted that
down-flow CHF in multiple-channel systems was reached
due to competing channel-to-channel flows. Boure et al.
[27] suggested that the mechanisms behind competing flows
between single- and multiple-channel systems, such as the
redistribution of fluid among parallel channels, induces
two different types of flow instabilities, namely channel
(multi-channel effect) and system (flow direction effect).
Though these mechanisms have not been thoroughly inves-
tigated, several studies have quantified the effects of down-
flow instabilities in both single and multiple channels
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systems [18,28,29]. In fact, O’Brien and Stoots [29] con-
cluded that under upflow conditions flow instabilities had
little effect on the CHF of the system showing comparable
data between their multiple-channel configuration and Oh
and Englert’s single channel configuration. Nevertheless,
more CHF studies are needed to sufficiently quantify chan-
nel and system instabilities with respect to single- versus
multiple-channel systems.

Other parameters, such as the cross-sectional geometry
of the test sections, have also shown a substantial effect
on CHF values. Round and rectangular cross-sections have
made up the two primary divisions in geometrically influ-
enced CHF data. Concerned that a correlation based on
multiple channel geometries did not accurately predict
CHF in the ATR, Pagh [4] compiled a database containing
only annular geometry and used it to develop a new CHF
correlation. A comparison to the Groeneveld Lookup Table
[7] showed the lookup table to be more conservative in all
cases, while Pagh’s [4] correlation predicted roughly the
same value as other independent annular CHF correlations.
Fig. 1. Flow loop schematic.

Fig. 2. Cross-sectional view of the test section showing the flow channels,
It is clear from the results of past CHF studies that dif-
ferent flow parameters and heated channel geometries can
significantly affect a system’s CHF characteristics. Thus,
the main purpose of this study was to investigate the
CHF limit of flow boiling heat transfer as it relates to the
vertical flow of water through multiple rectangular alumi-
num channels with side-vent cross-flow to better quantify
these specific parameters. The measured CHF data was
used to develop a new CHF correlation that addresses
many concerns, including flow direction, number of heated
channels, heated surface material, and flow channel geom-
etry variables.
2. Experimental apparatus

The experimental study was conducted in a closed-loop
flow system depicted schematically in Fig. 1. The major
components of the flow loop include the heated test sec-
tion, the heat exchanger, the cooling fluid reservoir, the cir-
culation pump, the particulate filter, the paddle-wheel-type
flow meter, and the connecting pipes, fittings, and valves.
The physical arrangement of each component allows
demineralized water to flow both upward and downward
through the test section. Two bypass lines provide active
control over the hydrodynamic characteristics of the test
section by creating ‘‘stiff” or ‘‘soft” flow conditions
through the test section, which have an effect on the overall
behavior of CHF [16]. They also serve as a means of clean-
ing and degassing the test section before test runs.

The multiple-channel test section is made from type
6064-T6 aluminum and includes four primary flow chan-
nels (50.8 mm � 1.0 mm � 1.27 m), three secondary side
channels (25.4 mm � 1.3 mm � 1.27 m), and six side vents,
allowing horizontal mass flux communication between the
flow channels. All flow channels are vertically oriented and
share common upper and lower plenums. One long side of
each primary flow channel is formed from an electrically
heated aluminum substrate. Four embedded heaters with
a maximum power output of 36 kW (9 kW per heater) pro-
vide a uniform heat flux over the length of the flow chan-
nels. A cross-sectional view of the test section shows the
four primary flow channels, the three side-flow channels,
the four FIREBAR� heaters, and other structural fasteners
the heated subtrate and embedded heaters, and the viewing windows.
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and components (see Fig. 2). Additional slots connect the
side flow and main flow channels at axial locations repre-
sented with a dotted black line in Fig. 2.

The flow conditions and input power to the test section
are monitored and recorded with absolute and differential
pressure transducers, type K thermocouples, watt trans-
ducers, and a data acquisition system. The pressure trans-
ducers were located at the inlet and outlet of the test
section and at the top of the reservoir. The thermocouples
were positioned every 50 mm along the test section and at
various locations around the flow loop. The watt transduc-
ers were inline with the two power leads connected to the
FIREBAR� heaters. Signals from each of the components
were acquired by a National Instruments’ data acquisition
(SCXI) system and software package in order to control
the test section power; monitor flow loop test parameters
(i.e., temperatures, pressures, and flow rates), and acquire
boiling heat transfer data during all test runs.

3. Testing definitions and procedures

Since flow conditions leading to CHF can have wide
variations, the phenomenon has been divided into two
broad categories depending on the vapor quality of the bulk
fluid. The first category, characterized by relatively low
vapor qualities (<�0.3), typically occurs when the cooling
fluid is under high pressures and/or high mass flow rates.
Under these conditions, CHF is noted for its quick transi-
tion from nucleate boiling to film boiling in response to
the rapid increase in surface temperature. As a result, this
category of CHF is often referred to as departure from
nucleate boiling (DNB), fast burnout, or burnout of the first
kind. The second category, characterized by relatively high
vapor qualities (>�0.3), occurs when the system pressure
and/or the mass flow rate are relatively low. Under these
conditions, the liquid film next to the heated surface devel-
ops a large dry patch that can no longer be rewetted by the
moving fluid, causing a rapid increase in surface tempera-
ture. Consequently, this category of CHF is often referred
to as dry-out, slow burnout, or burnout of the second kind
[1–3,5,30,31]. The flow conditions encountered in this study
fall under the second category of CHF, where the terms dry-
out, slow burnout, or burnout of the second kind apply.

The current experimental investigation focused on two
geometric factors and two flow parameters that were pre-
sumed to have a measurable affect on the CHF of the sys-
tem. These factors include two main channel gap widths
and flow with and without side vents. The mass flux through
the test section and the input power to the heated plates var-
ied in combination with these factors. Other parameters,
such as the fluid pressure and inlet temperature, or subcool-
ing, were not intentionally varied during test runs but were,
instead, held constant at atmospheric and 20 �C, respec-
tively. If perturbations in these values occurred, they were
accounted for in the analysis of the data.

Table 1 shows the test matrix developed to organize the
collection of data. The test matrix was divided into two
major sections, gap widths of 1.0 mm and 2.0 mm, and
two subsections, test section geometry with side vents and
without side vents. Under each subsection, five separate cat-
egories are labeled for each of the major test cases. The first
category is for the single phase, energy balance data used to
determine how close calculated power outputs were to the
measured power outputs. The second two categories, which
appear in both with and without side-vents subsections, are
identified by the method used to reach CHF, namely fixing
the mass flux and increasing the power until CHF occurs, or
fixing the power level and decreasing the flow rate until
CHF occurs. The last two categories are identified for the
natural circulation tests, which were only investigated with
side vents in place. These two categories included natural
circulation data where the down-flow of water was stopped
and up-flow initiated due to natural circulation and where
the initial flow of water was stopped until up-flow was ini-
tiated by natural circulation. A total of 88 separate tests
were performed under the two major sections. The proce-
dures for collecting the CHF data for the two different
gap widths and test section side vent configurations are
identical. The only differences occurred when test cases
switched from forced convection flow to natural circulation
or when the test cases used increasing power as opposed to
decreasing flow conditions to approach CHF.

4. Discussion and results

In order to quantify CHF characteristics of the test sec-
tion, the analysis of the data collected in this study was
based on the relationships between pressure, temperature,
flow rate, and electrical power input to the flow system.
Other parameters, such as the cooling fluid properties, the
test section material properties, and dimensionless flow
parameters based on liquid–vapor phase-change physics,
were also included in the analysis. A look at historically
important CHF parameters and correlations form a basis
for presenting and comparing the CHF results from this
study. A new CHF correlation is presented that results from
data collected in this study and three previous INL studies
[18,29,32]. This new correlation incorporates significant
improvements over past correlations because of its inclusion
of conjugate heat transfer effects, accounting for the proper-
ties of the heated substrate as well as the cooling fluid.

This new correlation is valid for a water–aluminum
based system where the water coolant is flowing upward
through four primary flow channels and three side-flow
channels (see Section 2, Experimental Apparatus, and
Fig. 2). The pressure, temperature, and mass flux values
for the correlated data range between 10.3 and 344 kPa,
291 and 344 K, and 9.5–110 kg m�2 s�1, respectively. The
input power was uniformly distributed over the length of
the flow channels. The point at which CHF occurred was
determined by a rapid increase in substrate temperature
in each primary flow channel measured with embedded
thermocouples. In all cases, the point of CHF simulta-
neously occurred at the exit of all four primary flow



Table 1
Critical heat flux test matrix

Without vents With vents

Energy balance fix
power level (%)

Increase power
fix mass flux
(kg m�2 s�1)

Decrease flow fix
power level (%)

Increase power
fix mass flux
(kg m�2 s�1)

Decrease flow fix
power level (%)

Natural circulation

Down, up-flow,
increase power (%)

Up-flow,
increase power (%)

1.0 mm gap width (s)

10 26 45 15 45 10 10
15 34 55 20 55 15 15
20 43 65 25 65 20 20
25 51 75 30 75 25 25
30 60 85 35 85 30 30
35 70 – 40 – 35 35
40 – – – – 40 40
– – – – – 45 45
– – – – – 50 –

Energy balance
calculations

Increase power fix
mass flux

Decrease flow fix
power level

Increase power fix
mass flux

Decrease flow fix
power level

Natural circulation

Down, up-flow
increase power

Up-flow
increase power

2.0 mm gap width (s)

– 14 50 10 50 10 10
– 20 60 15 60 15 15
– 27 70 20 70 20 20
– 34 80 25 80 25 25
– – 90 – 90 30 30
– – 100 – 100 35 35
– – – – – 40 40
– – – – – 45 45
– – – – – 50 50
– – – – – 55 55
– – – – – 60 60
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channels. This was verified with the temperature data and a
visual inspection of the front two flow channels through
viewing windows (see Fig. 2).

In light of the temperature and visual data collected in
this study, flow instabilities caused by a multiple-channel
test configuration did not have an appreciable impact on
the location (one channel versus another channel) of
CHF for upflow conditions. Similar conclusions were made
by O’Brien and Stoots [29], whose study looked at the
upward flow of water through four rectangular aluminum
flow channels.

4.1. Historically important CHF parameters

Zuber [33] and Kutateladze [34] introduced a set of
dimensionless parameters based on the hydraulic instabili-
ties that cause departure from nucleate boiling (DNB).
These parameters have become widely used to cast CHF
correlations in dimensionless form and are defined as:

q� ¼ q

AhhfgðkqggDqÞ1=2
ð1Þ

G� ¼ G

ðkqggDqÞ1=2
ð2Þ

k ¼ r
gDq

� �1=2

ð3Þ
The first correlation examined by this study, that of Oh
and Englert [18], was developed based on a simplified
energy balance approach, where the slope and y-intercept
constants of the correlation were determined by fitting a
linear curve to their data. The general form of their result-
ing correlation and the dimensionless parameters shown in
Eqs. (1)–(3) were used as the basis for recasting and com-
paring correlations from this and previous CHF studies.
Table 2 shows the recast correlations from these previous
CHF studies. Since Eq. (1) uses the heated surface area
as a parameter, all recast correlations were arranged so that
the dimensionless heat flux parameter takes the form
(Ah/A)q*. The flow channel cross-sectional area and heated
area parameters shown in (Ah/A)q* are calculated as
follows:

A ¼ ws ð4Þ
Ah ¼ whLh ð5Þ
In addition, the inlet subcooling enthalpy, Dhi, which is de-
fined as the difference between the cooling fluid enthalpy at
the saturation temperature and the inlet temperature, is
used in several CHF correlations. This parameter is written
as:

Dhi ¼ cpðT sat � T iÞ ð6Þ

A comparison of the recast correlations shown in Table 2
with the data collected in this study and three previous



Table 2
Previous CHF correlations found to be relevant to the current study

Source Correlation Flow type

Katto [9] Ah

A

� �
q� ¼ We�1

L

� �0:043
1þ 1:043 We�1

L

� ��0:043 Dhi

hfg

h i
G�; We�1

L ¼
rqf

G2L
Up-flow, down-flow (7)

Oh and Englert [18] Ah

A

� �
q� ¼ 0:458 1þ Dhi

hfg

h i
G� þ 2:412 Up-flow, one-side heating (8)

Lowdermilk et al. [35] Ah

A

� �
q� ¼ 1080

hfgD0:2
hy

4A
Ah

� ��0:15
ðGÞ�0:15G� Up-flow (9)

Monde et al. [36] Ah

A

� �
q� ¼ 0:16

1þ0:00067ðqf=qgÞ0:6
Up-flow (10)

Mishima and Ishii [37] Ah

A

� �
q� ¼ Dhi

hfg
G� þ 2 1

1:35�0:35ðqg=qf Þ0:5
� 0:11

� �
s
k

� �0:5
Up-flow (11)

Mishima and Nishihara [38] Ah

A

� �
q� ¼ 0:00146 Ah

A

� �
G� þ ð0:725Þ2ðw=kÞ0:5

½1þðqg=qf Þ0:25 �2 Up-flow, one-side heating (12)

Kureta and Akimoto [39] Ah

A

� �
q� ¼ C1

A
Ah

� �
ReLWe�1

Lð Þ�0:5�C1

C2 � Dhi

hfg

� �
G�;ReLWe�1

L ¼ r
Gm Up-flow, one-side heating (13)

C1 ¼ 0:0069 P h

P w

� �2
� 0:01 P h

P w

� �
þ 0:002;

C2 ¼ �0:75 P h

P w

� �2
þ 0:9 P h

P w

� �
� 0:28

Kaminaga et al. [40] Ah

A

� �
q� ¼ 0:005 Ah

A

� �
G�0:611 þ 0:7ðw=kÞ0:5

½1þðqg=qf Þ0:25 �2 Up-flow, down-flow (14)
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INL studies [18,29,32] are shown in Figs. 3a and b.
The studies of Lowdermilk et al. [35] and Monde et al.
[36], however, are not included in this figure because
they greatly underpredict the dimensionless parameter
(Ah/A)q* compared to the same parameter calculated in
this and previous INL studies [18,29,32].

The results from these comparisons indicate that none
of the correlations from previous studies predict well the
experimental results from this study. In fact, the correla-
tions of Katto [9], Mishima and Ishii [37], Mishima and
Nishihara [38], Oh and Englert [18], and Kureta and Akim-
oto [39] underpredict the dimensionless critical heat flux
partameter from this study, while the correlations of Mishi-
ma and Nishihara [38] and Kaminaga et al. [40] overpredict
this same parameter. Three of the studies, Mishima and
Ishii [37], Mishima and Nishihara [38] and Kaminaga
et al. [40], show data in two separate groups consistent with
the two gap widths examined in this study. These separate
data groups suggest that the channel gap width is an
important parameter when developing a CHF correlation.

The comparison of previous correlations with the data
of Oh and Englert [18], Oh [32], and O’Brien and Stoots
[29], shown in Figs. 3b, indicate similar under and overpre-
diction trends as those seen in Fig. 3a. This comparison
also shows more scatter in the data consistent with the
wider range of temperatures, pressures, and flow velocities
compared to those used in this study. This additional scat-
ter in the data is evidence that the comparative correlations
do not contain all of the important parameters needed to
predict the CHF condition. In fact, the margin of error
in their predictive capabilities (i.e., ±17% in the Oh and
Englert [18] correlation) is the best indication that essential
flow boiling parameters are not incorporated into the
correlation.
4.2. New CHF correlation development

Several CHF parameters from Table 2 are important to
the development of a new CHF correlation because they
account for trends in the data from this and previous
INL studies [18,29,32] (see Figs. 3a and b). These parame-
ters, which are in addition to those presented in Eqs.
(1)–(3), include the inverse Weber number, the ratio of sub-
cooling to vaporization enthalpies, the ratio of liquid to gas
densities of the fluid, and the ratio of heated to cross-sec-
tional flow areas. Several parameters that account for con-
jugate heat transfer effects in a flow boiling system have not
been included in previous correlations. These parameters
are generally embedded in the thermodynamic properties
of the substrate material and its interaction with the cool-
ing fluid. The Biot number and a combination of the ther-
mal conductivity, the density, and the specific heat of the
substrate and cooling fluid are some key parameters that
affect conjugate heat transfer of boiling systems. The inclu-
sion of these parameters in a new CHF correlation pro-
vides for a more accurate and robust representation of
CHF data.

Determining the form of a new CHF correlation using
the parameters identified above was an iterative process
that involved fitting a trend line to the data from this
and previous INL studies and then refining its fit by manip-
ulating the parameters used to plot the data. Several
attempts were made at finding the right combination of
flow parameters that best described the characteristics of
flow boiling CHF. In many instances, a trial and error
approach was used as part of the iterative process. Never-
theless, careful thought was taken to understand the gen-
eral effects a new parameter would have on correlating
the data before it was included in the new correlation.
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For brevity, only the major iterations along the path to
producing the final CHF correlation are discussed in the
following sections.
4.3. First correlation iteration

Because of its accuracy in predicting the data from this
study, as shown in Fig. 3a, the correlation of Katto [9] (see
Table 2) was used as the basis for a new correlation. More
specifically, the contribution of the inverse Weber number
(modified to be based on hydraulic diameter) from this cor-
relation was felt to be important since it captured an addi-
tional degree of mass flow variability through system.
However, only the first Weber number term from Katto’s
[9] correlation was included in the iterative process since
the second Weber number term was observed to cause
more scatter in the data when included. Subsequently, a
modified form of the Biot number was added to the corre-
lation in order to account for some of the conjugate heat
transfer effects found to be important to a flow boiling sys-
tem. A first cut in this iterative process produced the fol-
lowing correlation:

Ah

A

� �
q� ¼ 0:121 We�1

D

� �0:2
Bið Þ 1þ Dhi

hfg

� 	
G� þ 4:459 ð15Þ
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where the power, slope, and y-intercept constants were
determined through a linear fit to the data. The modified
form of the inverse Weber and Biot numbers are,
respectively,

We�1
D ¼

rqf

G2Dhy

ð16Þ

Bi ¼ hLc

km

ð17Þ

Two variables in the modified Biot number, the heat trans-
fer coefficient, h, and the characteristic length, Lc, required
additional calculations before their insertion into Eq. (17).
The heat transfer coefficient was calculated using Shah’s
[41] correlation, which was specifically developed to model
two-phase flow systems, where many of the parameters are
the same as those affecting CHF. Shah’s [41] correlation
was chosen for use in this study, as opposed to the more
widely used Chen [42] correlation, because of its ability
to better predict the heat transfer coefficient in rectangular
channels [29].

The second variable, the characteristic length, is com-
posed of the total volume of the substrate material, V, and
the total heated area of the flow channel, Ah. The ratio of
volume to heated surface area is often used as the character-
istic length in the lumped capacitance method for determin-
ing the combined convective and conductive heat transfer
[43]. Since these two variables are constant for any given test
section configuration, the characteristic length is unique to a
particular test section and data set, so long as the cooling
fluid remains the same. The equation describing the rela-
tionship between substrate volume, flow channel heated
area, and the characteristic length is given by
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Fig. 4. A plot of all 126 data points from this study and previous INL studies [1
lines bracket the data according to the accuracy of this correlation.
Lc ¼
V
Ah

ð18Þ

A system’s ability to absorb energy, as discussed previ-
ously, can have a significant effect on the resulting CHF
data. Thus, the total volume of the substrate material is
important to a CHF correlation because it accounts for
the mass of a system capable of storing heat during testing.
Based on the literature search performed for this study, the
total volume of the substrate material has never been used
to quantify the energy storage capacity of a system, which
may be one of the primary sources of inconsistencies be-
tween data from different CHF studies. Accounting for
the mass of the test section allows for inclusion of conju-
gate heat transfer effects presumed to exist in a flow boiling
system.

The heated area variable is a useful quantity when trying
to identify the heat flux capacity of a particular test section.
The inclusion of this variable in a CHF correlation can
help quantify this effect across different heating configura-
tions for different test sections. At first glance, it would
appear that this variable is already included in most corre-
lations in the (Ah/A)q* parameter. However, since the
dimensionless CHF parameter, q*, already contains the
heated area in its denominator (see Eq. (1)), the direct influ-
ence of the heated area is eliminated from the correlation.
Including the heated area in the characteristic length is one
way of reasserting its influence on the CHF condition. The
results of applying this first-cut correlation expressed in Eq.
(15) to the data from this and previous INL studies
[18,29,32] are shown in Fig. 4.

The overall accuracy of this new correlation is shown by
the error lines in Fig. 4 to be ±22%. The success of this new
80.0 100.0 120.0 140.0

)(1+Δhi/hfg)G*

8,29,32] based on a first-cut correlation shown in Eq. (15). The ±22% error
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correlation in collapsing data from this and previous INL
studies [18,29,32] into a relatively tight group indicates that
the chosen parameters are having a positive effect on corre-
lating the data. However, the overall accuracy of this new
correlation indicates that certain characteristics of the flow
are not adequately captured. In fact, the different relative
slopes of the data sets are a good indication that additional
characteristics of the flow need to be captured.

4.4. Second correlation iteration

Further efforts to improve the correlation led to the
inclusion of the liquid-to-gas densities ratio of the cooling
fluid, given by

1þ
qg

qf

� �0:25

ð19Þ

This quantity accounts for liquid and vapor interactions,
localized bubble dynamics, and overall buoyancy effects
on the system. Including this parameter should help to
implicitly capture the varying pressure conditions from
the four different studies used to develop the correlation.
Many of the data from these studies included test section
pressures that were significantly below or above atmo-
spheric. Furthermore, the density ratio parameter appears
in several of the correlations used as a basis for developing
this new correlation (see Table 2) [36–38,40]. In most cases,
this parameter appears in the y-intercept term, which is
used to quantify CHF when flow through the channel
is zero. In the case of this study, however, this parameter
is included with the slope terms because of its influence
on the amount of heat that can be locally conducted away
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Fig. 5. A plot of all 126 data points from this study and previous INL studies [1
error lines bracket the data according to the accuracy of this correlation.
from the heated surface as a function of bubble formation
and departure at the solid liquid interface.

The initial form of the revised correlation started with
the density parameter as it is seen in the correlation of
Mishima and Nishihara [38], and Kaminaga et al. [40].
After some manipulation to optimize the fit of the trend
line, the final form of the revised correlation was produced
and is given as

Ah

A

� �
q� ¼ 0:145 1þ

qg

qf

� �0:25
" #6:4

We�1
D

� �0:4ðBiÞ 1þ Dhi

hfg

� 	
G�

þ 2:579

ð20Þ

This revised correlation is a refinement of the first correla-
tion based on the addition of the liquid-to-gas densities
ratio. It is important to point out that the values of the
exponents on each of the terms in the correlation, including
those identified in previous iterations, change from itera-
tion to iteration in order to achieve the best possible fit
of the trend line. A plot of this revised correlation and its
affect on the data from this and previous INL studies
[18,29,32] is shown in Fig. 5.

A comparison of this correlation, Fig. 5, with the first
attempt at a new correlation, Fig. 4, shows a significant
improvement in the grouping of the data. The revised cor-
relation, through the addition of the density parameter, has
aligned the slopes and improved the linear grouping of the
different data sets. The error bands around the data are
now +19% and �11%, which constitutes over a 30% reduc-
tion in the maximum error between the two correlations. In
80.0 100.0 120.0 140.0
-1)0.4(Bi)(1+Δhi/hfg)G*

8,29,32] based on a first-cut correlation shown in Eq. (20). The +19/�11%
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general, this could be considered a reasonably good corre-
lation when taking into account the wide range of flow
parameters and test section geometries used in the studies
that produced the data. However, this correlation is still
limited to data from an aluminum/water flow system and
does not account for different heated substrates or cooling
fluids.
4.5. Final correlation iteration

The final iteration for developing a new CHF correlation
included a parameter (see Eq. (21)) that accounts for the
thermal interactions between the cooling fluid and the
heated substrate. This parameter – the square root ratio
of fluid to substrate thermal products – is commonly used
in transient heat transfer analyses where the depth and effec-
tiveness of heat penetration into both the fluid and heating
material are quantified. The primary purpose for including
this parameter is to account for interactions between the
heated substrate and the cooling fluid. Its inclusion will,
in general, allow the final correlation to be more robust
and universal in nature by providing a way to predict the
behavior of a CHF system using different cooling fluids
and different heated substrate materials. This level of flexi-
bility does not exist in current CHF correlations.

kfqfcp;f

kmqmcp;m

� �0:5

ð21Þ

A new formulation for the calculation of the heat transfer
coefficient, h, was also included in this final CHF correla-
tion. This new formulation replaced Shah’s [41] formula-
tion in order to update the basis of the calculations with
more recent experimental data and advanced heat transfer
knowledge. The new heat transfer coefficient is used in the
calculation of the Biot number, which is critical in accu-
rately assessing the heat transfer interaction between the
cooling fluid and the heated substrate.

The foundation of this new formulation is the work of
Tran et al. [44], who observed that the dominant mecha-
nism in boiling heat transfer is nucleation rather than con-
vection. Thus, their correlation for the heat transfer
coefficient replaced the typically used Reynolds number
with the Weber number to account for the dominant sur-
face tension effects over the viscous effects. Yu et al. [45]
confirmed this relationship and modified Tran et al.’s [44]
correlation to fit their experimental data. In a similar fash-
ion, this study confirmed the trends found in the study of
Yu et al. [45] by testing the formula for the heat transfer
coefficient in the new CHF correlation. Slight modifica-
tions to the exponents on each term and the basis of the
Weber number were made in order to obtain the best fit
to the CHF data. The new heat transfer formulation used
in the development of the final CHF correlation is given as

h ¼ 6:4� 106ðBo2:1WeDÞ0:28 qg

qf

� �0:21

ð22Þ
where the Weber number is the inverse of Eq. (16), and the
Boiling number is given by

Bo ¼ q00chf

Ghfg

ð23Þ

The characteristic length used in the modified Biot number
was also revised to include the flow channel gap width, s,
instead of the heated area, Ah. This change was made be-
cause the data showed discrepancies that could be directly
tied to the different gap with test cases. This is reasonable
since the purpose of the Biot number, as used in this study,
is to relate the heat transfer characteristics of the fluid and
the substrate over a characteristic length that is significant
to boiling flows in rectangular channels. Thus, the modified
Biot number in this study helps quantify the conjugate heat
transfer that occurs in this boiling system. The equation
describing this new characteristic length relationship is
given by

Lc ¼
ffiffiffiffi
V
s

r
ð24Þ

The gap width variable is somewhat unique to flow
through rectangular or annular channels and is seen in
Fig. 3a and b to be important because it can possibly ac-
count for the splitting of the data due to different gap-
width test cases. This variable seems to have had limited
use in previous CHF correlations, such as that by Mishima
and Ishii [37]. Nevertheless, the data from this study has
shown that the gap-width variable is important to the
development of a more complete CHF correlation.

Incorporating the changes mentioned above produced
the final CHF correlation that describes the conditions for
two-phase forced convection flow in long, thin rectangular
channels. This new correlation was applied to the data col-
lected from this study and three previous INL studies
[18,29,32]. The geometry and flow conditions of these stud-
ies varied over a relatively large range, including the magni-
tude of the mass flux, the test section pressure, the inlet
temperature, the cross-sectional flow geometry, the length
of the heated channel, the side-vent cross-flow channels,
and the single and multiple flow channel configuration.
Combined, these studies produced 126 CHF data points,
which were included in the development of this new CHF
correlation. The final form of the new CHF correlation is

Ah

A

� �
q� ¼ 3:9

kfqfcp;f

kmqmcp;m

� �0:5

1þ
qg

qf

� �0:1
" #�6:7

We�1
D

� �0:33

� ðBiÞ 1þ Dhi

hfg

� �
G� þ 0:018 ð25Þ

where again the slope and y-intercept constants were deter-
mined from a linear curve fit to the 126 data points used to
develop the correlation. A plot of the correlated data is
shown in Fig. 6.

The significance of this new correlation is that it
accounts for the properties of the heated substrate and
the interaction between the substrate and the cooling fluid
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Fig. 6. Final up-flow CHF correlation for data having a ±5% correlation error.

Table 3
New CHF correlation and supporting equations

New CHF correlation

Ah

A

� �
q� ¼ 3:9

kf qf cp;f

kmqmcp;m

� �0:5
1þ qg

qf

� �0:1
� 	�6:7

We�1
D

� �0:33ðBiÞ 1þ Dhi

hfg

� �
G� þ 0:018

Eq. (25)

Supporting equations

q� ¼ q00
chf

hfgðkqggDqÞ1=2 ; G� ¼ G
ðkqggDqÞ1=2 ; k ¼ r

gDq

� �1=2 Eq. (1)
Eq. (2)
Eq. (3)

We�1
D ¼

rqf

G2Dhy
; Bi ¼ hLc

km
; Lc ¼

ffiffiffi
V
s

q
Eq. (16)
Eq. (17)
Eq. (24)

h ¼ 6:4� 106ðBo2:1WeDÞ0:28 qg

qf

� �0:21
; Bo ¼ q00

chf

Ghfg

Eq. (22)
Eq. (23)
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that have not previously been included in CHF correla-
tions. Accounting for the heated substrate contributions
to the boiling heat transfer and CHF of the system resulted
in a correlation that is able to predict the CHF character-
istics of four flow boiling studies to within ±5% (mean
CHF values) or ±8.5% with uncertainties (95% confi-
dence). This new correlation blends macroscopic opera-
tional parameters and microscopic fluid/surface
parameters in order to capture a larger range of important
heat transfer characteristics. A summary of the final corre-
lation and its respective parameters is given in Table 3.

4.6. CHF data uncertainties

Estimated uncertainties in the measured and calculated
values used to develop the new CHF correlation quantify
the difference between the true value and reported value
of the data collected during testing. Every attempt was
made to eliminate recognized bias errors through calibra-
tion of the measurement equipment. Thus, the only errors
quantified through this analysis are the random errors asso-
ciated with signal noise or unmeasured system losses (i.e.,
resistance, friction, radiation cooling, etc.). In addition,
some errors occur as a result of machining tolerances and
data acquisition limitations such as sampling frequencies.

The uncertainty values used in the analysis are based on
a single-sample data set and are derived from the macro-
scopic and microscopic flow parameters acquired during
testing, reported from equipment literature, and deter-
mined from calibration. The analytical approach used to
determine uncertainties applies the root-sum-square
(RSS) method [46]. Table 4 identifies the maximum, esti-
mated experimental uncertainties for all of the major mea-
sured and calculated parameters used in the new CHF
correlation. Fig. 7 shows the CHF data from this and pre-
vious INL studies [18,29,32] plotted according to the new
correlation. The ±8.5% error bars include the uncertainties
in the results from this study.



Table 4
Estimated experimental uncertainties

Quantity Symbol Units Maximum
uncertainty

Pressure P Pa ±0.0025%
Temperature T K ±0.75%
Volume flow rate _Q m3 s�1 ±0.05%
Input power q W ±0.318%
Test section aluminum volume V m3 ±0.10%
Mass flow rate _m kg s�1 ±1.8 � 10�6

Mass flux G kg m�2 s�1 ±3.8 � 10�2

Critical heat flux q00chf W m�2 ±4.9
Cross-sectional area A m2 ±7.3 � 10�8

Heated surface area Ah m2 ±2.7 � 10�6

Hydraulic-equivalent diameter Dhy m ±1.6 � 10�6

Taylor wave length k m ±4.4 � 10�8

Heat transfer coefficient h W m�2 K�1 ±7.3
Characteristic length Lc m ±1.5 � 10�3

Dimensionless critical heat flux q* – ±2.8 � 10�6

Dimensionless mass flux G* – ±9.8 � 10�3

Inverse Weber number We�1
D – ±0.32

Weber number WeD – ±1.1 � 10�4

Boiling number Bo – ±2.1 � 10�6

Biot number Bi – ±0.13
Enthalpy ratio (1 + Dhi/hfg) – ±5.4 � 10�6

Density ratio See Eq. (19) – ±1.7 � 10�6

Thermal product ratio See Eq. (21) – ±1.4 � 10�6

Correlation uncertainties

Ordinate of the correlation (Ah/A)q* – ±8.8 � 10�3

Abscissa of the correlation See Eq. (25) – ±0.15
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4.7. Final discussion

The CHF results show very little difference between test
cases with and test cases without side-vent cross-flow.
Observations of the flow through the side channels indi-
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Fig. 7. Final up-flow CHF data by contributing study showin
cated that the level and severity of dryout was the same
as that observed in the main flow channels. Since the side
channels did not maintain a flow of single-phase liquid dur-
ing the system’s approach to CHF, there was no additional
cooling fluid passing over the heated plates as anticipated.
Thus, all CHF data points could be correlated without
respect to whether the flow was with or without side-vents.
It is possible that a strong link to the conductivity of the
heater plate material, which allowed enough heat to flow
into the side channel fluid removing its ability to add addi-
tional cooling, is the primary reason no differences were
measured between the two types of flow.

Comparing the mass of the heated test section from this
study with previous experimental studies shows a signifi-
cant difference in the total amount of material used to fab-
ricate the flow channels. This difference in mass between
various studies is a significant reason boiling flow patterns,
heat transfer mechanisms, and CHF values are different. In
fact, the inter-related heat transfer properties of the cooling
fluid and the heated substrate, such as the thermal product
and conductivity, are a fundamental cause of discrepancies
in reported data. These relationships form the basis of con-
jugate heat transfer and its effects on the CHF condition
and the flow patterns leading to burnout. In studies where
the cooling fluid and heated substrate material are the
same, differences in the heat transfer characteristics of the
system and the final CHF are based on the system’s ther-
mal mass. It is the use of this volume in the Biot number
of the newly developed CHF correlation (see Eq. (25)
and Fig. 6) that helps correlate the results of these studies
with a very tight error band of ±5%. A comparison
between Figs. 4 and 6 shows the effects of this parameter
on the overall correlation of the data.
3.0 3.5 4.0 4.5 5.0 5.5
0.1)-6.7(We-1)0.33(Bi)(1+Δhi/hfg)G*

)

g this study’s uncertainty and a ±8.5% correlation error.
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The thermal products of the fluid and heated substrate
also capture conjugate heat transfer effects are captured
on the CHF condition. Through the inclusion of Eq. (21)
in the new CHF correlation, conjugate heat transfer effects
are captured for studies where the cooling fluid and/or the
heated substrate are not the same. This parameter provides
for a much wider application of the new CHF correlation
given in Eq. (25).
5. Conclusions

Experimentally measured CHF results from the present
study were not well-predicted by existing CHF correlations
developed for atmospheric or lower pressure systems under
low-flow conditions in narrow, rectangular, aluminum
channels. These correlations are limited by the number
and types of parameters used to describe the CHF condi-
tion and tend to over- or under-predict the results from this
study. Specifically, existing correlations do not account for
the conjugate heat transfer effects between the heated sub-
strate material and the cooling fluid. This study shows that
these effects can significantly influence the energy storage
capacity of the test section, the response time of the system
during heat-flux increases, and, ultimately, the point at
which CHF is reached. In addition, conjugate heat transfer
effects are linked to differences between steady-state and
transient flow conditions, which affect the stability of
two-phase flows.

Through a search of literature and a comparison of pre-
vious CHF results, this work has contributed to the study
of boiling heat transfer and CHF for the purpose of
improving the heat transfer characteristics of high heat-flux
systems, such as nuclear reactors. The primary product of
this research is the development of a new CHF correlation
based on the findings of previous studies and an applied
understanding of conjugate heat transfer effects captured
in the Biot number and the ratio of fluid and heated sub-
strate thermal products. This new correlation relates the
results of this study and the studies of Oh and Englert
[18], Oh [34], and O’Brien and Stoots [29] with an error
band of ±5% (mean CHF values) or ±8.5% with uncertain-
ties (95% confidence). Eq. (25) and Fig. 6 show the mathe-
matical and graphical representations of this new
correlation.
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