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Abstract

A comprehensive review and analysis of prior subcooled flow boiling CHF correlations was conducted to identify those correlations
that provide the most accurate predictions for dielectric working fluids and small rectangular flow passages found in electronics cooling
applications in both microgravity and Earth gravity. Since most prior correlations were derived from water databases, only those with
dimensionless form were deemed potentially suitable for other working fluids. Only a small fraction of these dimensionless correlations
were found to tackle other fluids and more complicated flow and heating configurations with acceptable accuracy. These correlations
were ranked relative to mean error, mean absolute error, and root mean square error. Better predictions where achieved when correla-
tions were based on the heated diameter rather than the hydraulic diameter because of the ability of the former to better describe vapor
development in subcooled flow. Two previous correlations by Hall and Mudawar provided the best overall CHF predictions for both

microgravity and Earth gravity.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Critical heat flux (CHF) refers to a heat transfer limit
that triggers a sudden rise in surface temperature and possi-
ble catastrophic failure (burnout) of a device in which evap-
oration or boiling is occurring. In flow boiling, CHF is an
important limit to the design and safe-operation of nuclear
reactors and other devices in which it is important to extract
the maximum amount of heat without the risk of physical
burnout. A large volume of experimental and theoretical
studies on the CHF phenomenon have been carried out
by many researchers, resulting in numerous empirical corre-
lations and a few mechanistic or semi-empirical models.
Design engineers typically utilize CHF correlations to
insure that the extreme operating conditions for an applica-
tion maintain heat fluxes safely below CHF. Unfortunately,
most existing CHF correlations have been developed using
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a small number of data points covering a limited range of
flow conditions. Consequently, these correlations cannot
be extended to other flow conditions without uncertainty.
Published in 1999, the Purdue University — Boiling and
Two Phase Flow Laboratory (PU-BTPFL) CHF database
was compiled by Hall and Mudawar [1-5] to (a) amass all
known water CHF databases for both vertical upflow and
horizontal flow in a uniformly heated channel, (b) assess
these databases on a point-by-point basis for any errone-
ous data, (c) compile all known subcooled CHF correla-
tions for water flow in a uniformly heated tube, (d)
evaluate these correlations using the CHF database cor-
rected for the erroncous data, and (e) develop of a simple,
subcooled CHF correlation that is superior in accuracy to
existing correlations and look-up tables. The PU-BTPFL
CHF database has become an effective tool for assessment
of the accuracy of newly proposed correlations or models.
The vast majority of published CHF data are for water
flows because of applications such as nuclear reactors and
conventional steam power plants. However, the past three
decades have witnessed rising interest in new applications
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Nomenclature

A flow area of channel

Bo boiling number, g}, /Ghy,

C empirical constant for a specific correlation

G empirical constant or function for a specific cor-
relation, j =1,2,...

Cof liquid specific heat at constant pressure

D inside diameter of tube

D, hydraulic equivalent diameter, 44/P
D, heated equivalent diameter, 44/ P,

f fully developed turbulent flow (Fanning) fric-
tion factor for total flow assumed liquid

fre two-phase Fanning friction factor

G mass velocity

ge Earth’s gravitational acceleration

h enthalpy of fluid

hy liquid enthalpy at point of bubble detachment

hy enthalpy of saturated liquid

hey latent heat of vaporization

hy enthalpy of saturated vapor

hsp convection heat transfer coefficient for total flow
assumed liquid

ks thermal conductivity

L heated length of tube

n empirical exponent for a specific correlation

Nup  Nusselt number for total flow assumed liquid,
hspD/k,

P pressure; perimeter

P.. critical pressure

Pe Peclet number, RepPry= GDc, Jks

P, heated perimeter

Dr reduced pressure, P/P;

Pry liquid Prandtl number, ¢, g /k,
q, critical heat flux (CHF)

@msae  saturated flow boiling CHF with zero local qual-
ity

Rep  Reynolds number, GD/py

T temperature

T; bulk liquid temperature at inlet

u dynamic viscosity

v kinematic viscosity

0 density

a surface tension

Subscripts

CHF  at critical heat flux

f saturated liquid

g saturated vapor

h heated

i inlet; beginning of heated length
meas measured value

o outlet; end of heated length
pred  predicted value

sat saturated conditions

Sp single-phase flow

iub subcooled conditions

Tsat saturation temperature

ATy, liquid subcooling, Ty, — T, with saturation tem-
perature evaluated at pressure associated with
the CHF data point (usually outlet pressure)

ATgup, liquid subcooling at outlet of flow channel

Wep,  Weber number, GzD/pfa

X thermodynamic equilibrium quality, (& — h/)/hy,
with saturated thermo-physical properties evalu-
ated at pressure associated with the CHF data
point (usually outlet pressure) unless specifically
stated otherwise

X true vapor mass fraction in subcooled flow

x;, pseudo-inlet quality, (& — hyo)/hy o, With satu-
rated thermophysical properties evaluated at
outlet pressure

Y dimensionless group for a specific correlation

Greek symbols
o void fraction

modified parameter for a specific correlation

that preclude the use of water as working fluid. Such is the
case with most cooling systems intended for high-perfor-
mance electronic and power devices. The need to dissipate
large heat fluxes while maintaining relatively low device
temperatures often requires direct contact of a low-boil-
ing-point coolant with the current-carrying device. Only a
few families of coolants can safely achieve this direct con-
tact. These coolants possess excellent dielectric properties
and are often inert to most materials found in electronic
packages. Unfortunately, key thermophysical properties
of these coolants that are responsible for the effectiveness
of heat removal (e.g., thermal conductivity and latent heat
of vaporization) are far inferior to those of water. There-
fore, CHF is a key concern with these coolants; hence the

need to accurately determine this limit for these new
applications.

Microgravity poses another unique challenge for the
design of space-based electronic cooling systems. High cost
and complexity have greatly limited the number of pub-
lished studies on flow boiling in microgravity [6-10]. Of
these studies, only a small subset concern flow-boiling
CHF. Recently, the authors of the present study presented
a series of studies concerning the effects of body force on
flow boiling CHF [11-16]. Experiments were first per-
formed at different flow orientations in Earth gravity to
explore the relative importance of inertia, surface tension
force, and body force on CHF. Microgravity experi-
ments were then performed in parabolic flight trajectory.
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Dielectric coolant FC-72 was used as working fluid in all
these experiments. The authors also proposed a theoretical
method for predicting near-saturated flow boiling CHF
that was based on the Interfacial Lift-off Model [15]. In
its basic form, this model could not tackle subcooled boil-
ing conditions, given the difficulty of determining the par-
titioning of wall energy between sensible and latent heat
in subcooled flow. They therefore developed a correlation
for energy partitioning that enabled extension of the Inter-
facial Lift-off Model to subcooled conditions [16].

The present study provides an alternate method to
determining CHF for subcooled flow boiling of dielectric
coolants in both microgravity and Earth gravity. New data
were measured in both environments and the effects of
microgravity are accounted for with the aid of a new corre-
lation that seeks 1g, equivalent CHF values for the ug,
data. Both the 1g, data and equivalent ug, data are then
compared to the predictions of prior subcooled flow-boil-
ing CHF correlations to assess the accuracy of these corre-
lations in predicting dielectric coolant data for both
environments. To ensure applicability for different cool-
ants, only correlations that were developed in dimension-
less form are examined. Correlations are then ranked
with respect to predictive accuracy.

2. Subcooled FC-72 flow boiling CHF database

CHF values were measured for FC-72 in both micro-
gravity and Earth gravity using the same experimental
facility. At the heart of this facility was the flow boiling
module illustrated in Fig. 1(a) and (b). This module was
formed by bolting together two transparent polycarbonate
plastic (Lexan) plates between two aluminum support
plates. As shown in Fig. 1(a), a 5.0 x 2.5 mm rectangular
slot was milled into the underside of the top plate to form
the flow channel. Flush mounted with the upper surface of
the bottom plate, the heated wall consisted of a series of
resistive heaters that were soldered to the underside of a
0.56 mm thick oxygen-free copper plate as illustrated in
Fig. 1(b).

Fig. 2(a) shows a schematic diagram of the two-phase
flow loop. This compact loop delivered FC-72 liquid to
the test module at the desired flow rate, pressure and tem-
perature. The coolant was circulated through the loop with
the aid of a centrifugal pump. The liquid passed through a
filter, followed by a turbine flowmeter and an in-line elec-
trical heater before entering the test module. Heat was
removed from the fluid by an air-cooled heat exchanger sit-
uated downstream from the flow-boiling module. Pressure
control was achieved with the aid of an accumulator that
was pre-charged with nitrogen gas. Bellows inside the accu-
mulator allowed for thermal expansion and contraction of
the working fluid while maintaining a constant pressure
reference point for the loop. The charging system shown
in Fig. 2(a) was only used during initial deaeration of the
fluid. This system was removed following the deaeration

a
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Polycarbonate
Plastic (Lexan)
25 Plates
[
5.0
¥
Oxygen-Free
Copper Plate
. :\Thick-Fiim
Resistor All dimensions in mm
b 188 Ohm Resistive
Layer (covered with Solder Layer

Glass Passivation) (96% Tin - 4% Gold

Metallization)

Solder

AL,O,
Substrate Thernr':(c;ﬁaouple
0.56 ¥
. 0.56

Oxygen-Free
Copper plate

All dimensions in mm

Fig. 1. (a) Flow channel assembly and (b) construction of heated wall.

and before the facility was loaded onboard the aircraft.
As depicted in Fig. 2(b), the entire test facility, including
the flow loop components, power and instrumentation cab-
inets, and data acquisition system, was mounted onto a
rigid extruded aluminum frame.

The parabolic flight experiments were conducted
onboard a NASA KC-135 and a Boeing 727-200 aircraft
of Zero-G Corporation. The reduced gravity environment
was achieved by a series of parabolic maneuvers as illus-
trated in Fig. 3(a). Each parabola included a 1.8g, pull-
up, a 23s microgravity period, and a 1.8g, pullout.
Fig. 3(b) shows the variation of acceleration during the
parabolic flight.

It is important to emphasize that the ug, CHF data
obtained during the parabolic flight experiments were true
steady-state data and not transient or heater-specific data.
As explained in [15], the heated wall used in the flight rig
was chosen to be thick enough to preclude any CHF
dependence on wall thickness. However, the wall also
was of such low thermal mass that it reached steady state
in less than 5's, well within the pg, duration of a parabolic
maneuver.

The parabolic flight ug, CHF data were later repeated at
1g.. The boiling module’s outlet pressure in both environ-
ments was maintained at P, = 1.44 bar (20.9 psi). Also
available for the present correlation assessment are
FC-72 flow boiling CHF data that were measured by
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Fig. 2. (a) Schematic of two-phase flow loop and (b) photo of flight apparatus.

Sturgis and Mudawar [17,18] at 1g, using a rectangular
flow boiling module having the same dimensions as those
of the present study. Outlet pressure for these experiments
was maintained at 1.38 bar (20 psi). Tables 1-3 show CHF
data from both studies. To preclude any near-saturated
outlet conditions, only subcooled CHF data with
AT, = 10 °C were used to evaluate previous subcooled
CHF correlations.

Since prior CHF correlations are based entirely on dat-
abases measured at 1g,, equivalent 1g, CHF values were
first obtained for the present ug. CHF data. Differences

between the present ug, data and the 1g, data obtained
in both the present study and by Sturgis and Mudawar
were curve-fit, and equivalent 1g, values were obtained
for the ug. data according to the relation

q,/ A 0 U2D —0.18
M:H—Z.lS(%) . (1)

1"
m

Table 1 provides both the measured pg, CHF data and
their 1g, equivalent values obtained using Eq. (1).
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Fig. 3. (a) Trajectory and (b) gravity change of parabolic flight.

Table 1
Present flow boiling CHF data for subcooled FC-72 measured at ug,, and
equivalent 1g, values (ATgp, 0, =32 +2°C)

U (m/s) Measured ¢, (W/cm?) 1 — g, Equivalent ¢/, (W/cm?)
0.30 21.2 42.8

0.50 23.0 42.5

0.60 24.9 44.6

0.70 26.0 45.5

1.10 30.5 49.9

1.50 35.2 55.2

Table 2

Present horizontal flow boiling CHF data for subcooled FC-72 measured
at g,

ATypo=10£2°C

ATgpo=20£2°C  ATgpo=30%2°C

U(m/s) ¢, (W/em®) U(m/s) g, (Wem®) U(mfs) g (W/em®)
0.5 30.1 0.5 31.6 0.5 34.6
0.8 31.3 0.8 33.7 0.8 38.6
1.0 31.9 1.0 35.2 1.0 40.9
1.2 32.5 1.2 37.4 1.2 43.2
1.5 33.1 1.5 40.3 1.5 46.7

3. Compilation of subcooled CHF correlations

CHF correlations are classified as based on either inlet
(upstream) conditions or outlet (local) conditions. Inlet
conditions correlations are based on pressure, mass flux
and inlet enthalpy (or inlet subcooling or quality), in addi-
tion to the tube geometry

Table 3
Horizontal flow boiling CHF data for subcooled FC-72 measured by
Sturgis and Mudawar [17,18] at 1g,

ATy =16°C

ATqp.0 =29 °C

U (m/s) ¢’ (W/em?) U (m/s) q" (W/em?)
0.5 35.2 0.5 42.7

0.5 35.5 0.5 43.1

1.0 38.8 1.0 48.8

1.0 38.3 1.0 48.4

1.5 41.8 1.5 54.0

1.5 42.0 1.5 51.5

2.0 443 1.5 51.2

2.0 44.0 2.0 59.4

2.0 42.8 3.0 70.7

3.0 47.0 3.0 73.6

4.0 52.4 4.0 86.9

4.0 51.8 5.0 97.1

5.0 63.1 6.0 108.7

6.0 71.7 7.0 118.2

6.0 69.3 8.0 129.3

7.0 76.6

7.0 76.4

8.0 85.8

q:;:f(GvPahivaL)' (2)

The parameters in Eq. (2) are independent variables that
are readily available for CHF estimation. On the other
hand, outlet conditions correlations are based pressure,
mass flux, diameter, and an outlet dependent variable such
as outlet enthalpy (or outlet subcooling or quality)

4, = S(G,P, D, h,). 3)

Therefore, use of an outlet conditions correlation involves
indirect estimation of CHF since outlet quality must first
be calculated using calculating the outlet enthalpy associ-
ated with the CHF data point using an energy balance over
the entire heated length. This is why tube length does not
first appear in Eq. (3).

Using the study by Hall and Mudawar [1-3], the authors
of the present study identified all dimensionless CHF corre-
lations applicable to subcooled (i.e., negative outlet quality)
flow boiling in a uniformly heated tube. Key equations for
the selected correlations are provided in Table 4. Table 5
provides additional important information on each correla-
tion. Multiple rows are utilized where a publication recom-
mended more than one correlation. A correlation is
identified as an inlet conditions or outlet conditions correla-
tion. Table 5 also provides the number of adjustable con-
stants in the correlation. These are constants that the
author(s) of a correlation varied in pursuit of greater accu-
racy in CHF prediction. As explained in [1-3], adjustable
constants include those appearing in conditional statements
that specify the appropriate equation from a set of equa-
tions. The condition that a parameter such as outlet quality
be either less than or greater than zero is not considered
adjustable. The exponent of a parameter in a polynomial
function is also not considered adjustable. Table 5 also indi-
cates if a correlation can be used to solve explicitly for
CHF or whether it requires iteration. A large number of
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Table 4
Subcooled flow boiling CHF correlations
Author(s) Correlation
. !
Jacobs and Merrill [19] m =0.78400 — 0.47962T. + 0.91581P, + 1.33762G. — 4.09246L. + 2.60341D, + 0.115017>
. X

— 0.54502P% — 0.14804G> + 0.95825L% — 0.34693D? — 0.012587° + 0.07398P° + 0.00643G>
—0.022421% + 0.099337,P. — 0.200157,G. + 0.11052P, G, + 0.22063P.L, — 0.31924P.D,
—0.11436G. L. + 0.10575G.D. + 0.01732L.D. + 0.01384T,G?,

D~ = D/0.00254

L. = L/0.254

G- = G/1356.24

P = P/(68.9476 x 10°)
T+ = (1.8T; — 459.67)/100

i 038 0.85
Q47 (cme) 08 {1 —045(%) x} % <0

i . . " 3600 \ /i
Miropol’skii and Shitsman [20] (Iq’;/"};// = ¢ o
. .
i 0.174 (pr Tsar 0401 _ n
3600( g ) K1 —x0)", Xo =2 0

0.2
Gu p

where K = (24 Lf)
o7 ) \pe

08, K <0.016
n={ 50K, 0.016<K < 0.06

3, K>006
Tong [21] Bo = (1.76 — 7.433x, + 12.222x2)Re;)®
~0.65 0.35 12
—0.5(Pro pf0ATsubo h
Glushchenko [22] Bo = 18.25Pe™ 05 (p/—) (/Tb) (/—'T)
Ahmad [23] BoLD) _ | _ exp [70.522 %]
where
— Y
- (L/D)U,Ga
2\ 2/3 0.2 2/3 0.2
_ (GD » 1 _ We Mg
r=(@@n) () -rez) ()
Levitan and Lantsman [24] CHF in 8 mm diameter tubes: ¢”,, = 10°(10.3 — 17.5p, + 8.0p3)(W%0)0'68p'71[;25x°70'3 exp(—1.5x0),
CHEF for tube diameters other than 8 mm is obtained from g}, = g}, , (29%)™.
Tong [25] Bo =023 {1 —0.00216p! SRS (%)xo]
where ‘
__GD
Re. = 0=y
032, _
fir = $0(odi) "Rt
%= ey
ho—h
X = P

ha = hy(1—6.45x 1075 %
Cis equal to 16 and 10 at’51.7 and 68.9 bars, respectively.

2
. 8D Iy D <BO+X°R“'\'¥)’/‘>
Chernobai [26] e (1+187) (1-2) = w0
where Bo + 2x Rephr; @ X2 B
D. = 10(2;)",
_ (f/2)RepPry
Nup = 1L07+12.7(//2) (P~ 1)
f=1[1.58In(Rep) — 3.28]°2
Hebel et al. [27] 9y = % {Clhfg [1 — €xp (*214*,1 %)}
+Crcpr AT gup i [1 — exXp (—214*.2 %)} }7

where

w1 =0.0115(D/D)**
u'2=0.08(D*/D)**
C,=04,C,=05

(continued on next page)
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Author(s) Correlation
. _ hyghs 1
Ivashkevich [28] =" (e — 15%),
where

Inasaka and Nariai [29]

Boyd [30]

Celata et al. [31]

Hechanova et al. [32]

Yagov et al. [33]

Hall and Mudawar [34]

Hall and Mudawar [5]

Nup = "2 = 0.023Rep* Pr*
e = h,/ war — 273.15)

|y 523480x 502 N\ p.—06
Bo = {1 oo s(10°7) } (1 76 — 7.433x, + 12.222x; )ReD

Boyd presented two correlations:
Bo =4.728 x 10~* + 3.403/Rep,

Bo =72 (1898825 1)
Bo = (0.216 + 4.74 x 107°P) FRe,"?

where

1, Xo < —0.1
= ¢ 0.825+0.986x,, —0.1 <x, <0
1/(2+ 30x,), Xo > 0.

Bo = 50 [1 +0. 0022pl 8 ReV:5 (ZL L;Y/Ahixubo)} (1 + 20+L/D )PFO 6 pp—09

"no__ q:;.sm
9n = Tijx| + GeprATsubo

fi/2
1-114/7./2

where

o.onhfg(,f[,) (ReL )

1/3 9
nooo_ rg RS
Dnsat = |:l+4'5><104( al)/) ( ) :|

2\ 13
0001k (T75) " (RENS, F =07

0.004 < F <0.7

F= hyg (pevr)?
alky T\m) 2

f=1[1.58In(Rep) — 3.287°2

Correlation based on outlet conditions:
} Cs Cs
— 2 (Pr _ Pr.
Bo = C WS (p) [1 C (p) xo}.
Correlation based on inlet conditions:

(‘v. CS
CyWep? (ﬂ—) 1C4(;;) X

Bo = C3+Cs )
1H4C Cy e (:—é) (%)
where
o hithye
Xixe = Tpos 2

C, =0.0332, C, = — 0.235, C3= —0.681, C, = 0.684 and Cs = 0.832.
Correlation based on outlet conditions:

[ Cs
sy (2) [1-ex(2)
Correlation based on inlet conditions:

[e Cs
L
o (2) oo (1)

Bo = T37Cs
14+4C) C4 We}? (j ) (%)
where
hi—hy,
Xix = Lo

hfz! o

C,=0.0722, C; = —0.312, C3= —0.644, C, = 0.900 and Cs=0.724

adjustable constants and iteration are an indication of the
complexity of a correlation. Table 5 further indicates if
the subcooled CHF correlation is also applicable to satu-
rated CHF, fluids other than water, or geometries other

than a round tube. Also provided is the additional number
of adjustable constants required to predict CHF under these
other conditions. Finally, Table 5 provides the earliest and
most archival publication of each correlation.
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Table 5
Subcooled CHF correlations

4575

Subcooled CHF Inlet Outlet Adjustable Iteration Saturated ~ Multifluid® Multi Related publications
correlation conditions conditions  constant required CHF? geometry”
Jacobs and Merrill . 24 .
[19]
Miropol’skii and . 6 o3 o3
Shitsman [20]
Tong [21] . 4 . Tong et al. [35]
Glushchenko [22] . 4 .
Ahmad [23] . 3 . . e 6
Levitan and . 8 . Doroshchuk et al. [36,37]
Lantsman [24]
Tong [25] . 7 . ol °
Chernobai [26] . 4 . .
Hebel et al. [27] . 6 . o2 Hebel and Detavernier [38]
Ivashkevich [28] . 3
Inasaka and Nariai . 9 Nariai et al. [39], Inasaka and
[29] Nariai [40-43],
Nariai and Inasaka [44.45],
Inasaka [46]
Boyd [30] . 2
- - 2
Celata et al. [31] . 6 o2 Celata et al. [47-49],
Celata [50], Cumo [51]
Hechanova et al. [32] .
Yagov et al. [33] . 15 . Yagov and Puzin [52],
Yagov et al. [53],
Yagov [54]
Hall and Mudawar . 5 Bowers [55], Mudawar and
[34] Bowers [56]
L[]
Hall and Mudawar . 5 Bowers [55], Mudawar and

(5]

Bowers [56],
Hall and Mudawar [34]

Adjustable constants refer to those constants which the authors of a correlation manipulated in order to increase the accuracy of their correlation.
# This column identifies those correlations which are valid for a test condition other than water flow in a uniformly heated.

Table 6 provides the parametric range of each correla-
tion. The range of a parameter was either explicitly pro-
vided by the author(s) of the correlation or determined
by inspection of the published data [1-3].

4. Assessment of CHF correlations

The present study utilized a consistent methodology in
assessing the predictive capabilities of the selected subcooled
CHF correlations. Because most CHF correlations were
developed from databases for water, and since water proper-
ties are vastly different from those of FC-72, only dimension-
less correlations were assessed with the present FC-72 data.
This was a key criterion in identifying the correlations pro-
vided in Table 4. Thermophysical properties of FC-72 were
evaluated at the temperature specified by the correlation.

Unlike the original data upon which the majority of the
selected dimensionless correlations are based, the present
FC-72 data involve a partially heated perimeter, i.e., differ-
ent values of equivalent hydraulic diameter, D,, and heated
diameter, Dj;. Therefore, the CHF correlations were
assessed twice, first by substituting the tube diameter, D,
in a correlation by D, and then by D,. One exception

was the use of only D, in Reynolds number to more accu-
rately account for flow characteristics.

Inlet conditions correlations were easier to assess. Here,
the inlet parameters required by the correlation are based
on the inlet temperature corresponding to the CHF data
point. On the other hand, outlet conditions correlations
required the calculation of outlet enthalpy, quality or sub-
cooling for each CHF data point using an energy balance.
Using the measured value for CHF in this energy balance
yielded a true value for the outlet parameter. This method
is called the direct substitution method. Another method
for determining the value of the outlet parameter is the iter-
ative heat balance method. This later method utilizes
numerical iteration to adjust the value of the outlet param-
eter so that both the predicted CHF and predicted outlet
parameter simultaneously satisfy an energy balance and
the correlation. The relative merits of the direct substitu-
tion method used in the present study is discussed else-
where [5,57].

Three statistical parameters are used to assess the pre-
dictive capabilities of the correlations given in Table 4:
mean error, mean absolute error, and root-mean-square
(RMS) error, which are defined, respectively, as
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Table 6
Recommended parametric ranges for the subcooled CHF correlations
Subcooled CHF correlation (additional Dx10° Lx10° L/D Gx1073 Px107° ATgbi X ATabo  Xo
parametric range) (m) (m) (kgm~2s7") (Nm™?) (°C) (°C)
Jacobs and Merrill [19] 1.91 152.4 0.23 34.5
(22.2 < T; < 340.0 °C)
7.77 696.0 10.57 189.6
Miropol’skii and Shitsman [20] 4.00 0.40 34.3 —0.50
8.00 10.00 196.1 0.80
Tong [21](930 x 10 < h; < 1644 x 10% J 5.08 254.0 1.36 68.9 —0.15
kg™")
17.78 3657.6 6.78 158.6 0.15
Glushchenko [22] 2.00 10.0 0.50 49 25.0
12.00 120.0  40.00 197.0 250.0
Ahmad [23] 0.41 1.7
9.49 137.9
Levitan and Lantsman [24] 4.00 0.75 29.4 0.0 0.00
16.00 5.00 196.1 75.0 0.50
Tong [25T" (a < 0.35) 5.08 0.68 68.9 —0.25
45.72 5.97 137.9 0.00
Chernobai [26] 0.40 0.40 5.0 —1.75
37.00 30.00 196.0 0.70
Hebel et al. [27T* (T; < 320.0 °C) 0.00 0.0 0.00 20.0
30.00 400.0 10.00 200.0
Ivashkevich [28] 8.00 0.75 29.5 0.0
8.00 5.00 98.0 75.0
Inasaka and Nariai [29]" 2.00 10.0 0.93 1.0 —0.35
19.10 190.0  23.10 138.0 —0.00
Boyd [30T" 3.00 4.60 7.7 30.0
3.00 40.60 7.7 75.0
Celata et al. [31]" 0.30 2.5 0.90 1.0 90.0
25.40 610.0 90.00 84.0 230.0
Hechanova et al. [32] 5.00 5.0 10.0
(7.0 x 10* < Pe < 1.0 x 109
25.00 80.0 70.0
Yagov et al. [33T 8.00 0.50 15.3 —0.50
8.00 8.00 200.0 0.00
Hall and Mudawar [34] 0.25 1.52 0.7 -2.13
Outlet conditions correlation 15.00 134.00 196.1 —0.05
0.25 1.7 1.52 0.7 -2.47 -2.13
Inlet conditions correlation 15.00 96.6 134.00 196.1 —0.04 0.00
Hall and Mudawar [5] 0.25 0.34 1.0 —1.00
Outlet conditions correlation 15.00 30.00 200.0 —0.05
0.25 1.7 0.34 1.0 —2.00 —1.00
Inlet conditions correlation 15.00 200.0  30.00 200.0 0.00 0.00

& Parametric range was incomplete, stated incorrectly, or not explicitly stated by the authors of the correlation in the reference cited. Therefore, the
authors of the present study ascertained the parametric range by examining the CHF data (uniformly heated tubes) utilized to develop the correlation or

by consulting another publication by the authors of the correlation.

mean error (ME):

1 q::z red qz.meas

N ZT X 100%, (4)
mean absolute error (MAE):

1 |q:;t,pred - q:::,meas|

and root-mean-square (RMS) error:

\/‘ Z qm pred ’

x 100%, (6)
qm meas

qm ,Jmeas

where N is the number of CHF data points. The mean er-
ror provides an indication of the tendency of a correlation

to underpredict or overpredict CHF. The mean absolute er-
ror treats the absolute error from each data point equally.
On the other hand, RMS error assigns greater weight to
those predictions exhibiting larger deviation from the exper-
imental value.

Table 7 provides ME, MAE, and RMS error values for
each of the correlations given in Table 4. As indicated ear-
lier, the diameter in any Reynolds number in a correlation
was replaced by D,. Correlations containing diameter else-
where (e.g., in Weber number of length-to-diameter ratio)
were tested twice, first using D, and then using D,. The
diameter that was used to assess the correlation is indicated
in Table 7 immediately following the correlation author(s)
and reference. Overall, Table 7 shows vast differences
in predictive capability among correlations, with some
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Table 7
Mean absolute error, mean error, and root-mean-square error of CHF correlations in predicting present CHF data
Correlations 1g. Equivalent pug, 1g. and Equivalent pug,
MAE ME RMS MAE ME RMS MAE ME RMS
Jacobs and Merrill [19] (D,) 3211.0 3211.0 3268.9 2729.4 2729.4 5461.1 3162.0 3162.0 5461.1
Jacobs and Merrill [19] (D,,) 4947.3 4947.3 5036.4 4251.5 4251.5 4252.5 4876.6 4876.6 4962.3
Miropol’skii and Shitsman [20] (D,) 170.2 170.2 177.1 193.3 193.3 393.1 172.5 172.5 393.1
Tong [21] (D,) 426.2 426.2 435.0 480.8 480.8 973.9 431.8 431.8 973.9
Glushchenko [22] (D,) 87.4 —87.4 87.5 89.8 —89.8 179.7 87.7 —87.7 179.7
Ahmad [23] (D,) 1816.6 1816.6 18254 1466.8 1466.8 2974.0 1781.0 1781.0 2974.0
Ahmad [23] (Dy) 5862.5 5862.5 5891.5 4774.8 4774.8 4840.1 5751.8 5751.8 5793.3
Levitan and Lantsman [24] (D,) 4184.7 4184.7 4408.7 5391.5 5391.5 10797.5 4307.4 4307.4 10797.5
Levitan and Lantsman [24] (D), 2373.8 2373.8 2505.3 3070.5 3070.5 3074.8 2444.6 2444.6 2568.9
Chernobai [26] (D,) 96.9 -96.9 97.0 98.6 —98.6 197.1 97.1 -97.1 197.1
Chernobai [26] (Dy,) 97.8 —-97.8 97.8 99.0 -99.0 99.0 97.9 -97.9 97.9
Hebel et al. [27] (D.) 206.5 206.5 219.5 255.0 255.0 514.5 211.5 211.5 514.5
Hebel et al. [27] (D;,) 133.1 133.1 153.2 214.8 214.8 216.2 141.4 141.4 160.7
Ivashkevich [28] (D,) 17.5 -8.7 21.0 27.4 —27.4 61.4 18.5 —10.6 61.4
Inasaka and Nariai [29] (D,) 193.9 193.9 224.1 361.2 361.2 735.7 210.9 210.9 735.7
Boyd [30] (D,) 131.5 128.3 173.8 338.4 338.4 681.8 152.5 149.7 681.8
Celata et al. [31](D,) 25.6 -25.0 29.7 50.8 —-50.8 103.0 28.1 —-27.7 103.0
Hechanova et al. [32] (D,) 145.7 145.7 158.9 136.2 136.2 273.1 144.8 144.8 273.1
Yagov et al. [33](D,) 25.9 19.2 29.4 25.4 254 56.7 25.8 19.9 56.7
Yagov et al. [33] (Dy) 254 18.1 28.9 24.3 24.3 27.4 253 18.8 28.8
Hall and Mudawar [34] (inlet, D,) 18.8 11.4 21.8 14.7 3.6 40.7 18.4 10.6 40.7
Hall and Mudawar [34] (inlet, D,) 12.8 -8.5 16.8 144 —12.3 18.6 12.9 -89 17.0
Hall and Mudawar [34] (outlet, D,) 19.4 6.1 22.6 16.0 4.4 87.1 19.0 6.0 87.1
Hall and Mudawar [34] (outlet, D, 18.7 —18.0 24.6 19.5 —194 24.7 18.8 —18.2 24.6
Hall and Mudawar [5] (inlet, D,) 27.8 26.3 33.8 334 334 37.6 28.3 27.0 37.6
Hall and Mudawar [5] (inlet, D)) 15.1 =31 17.8 11.8 7.3 12.4 14.8 -2.1 17.3
Hall and Mudawar [5] (outlet, D,) 26.4 22.1 324 40.1 40.1 74.8 27.8 23.9 74.8
Hall and Mudawar [5] (outlet, Dy,) 17.7 —133 21.5 8.5 —0.6 12.1 16.8 —12.0 20.7
i —o—— | Hall & Mudawar [34] (Inlet, D,)
E |_0‘_|,: %  Hall & Mudawar [5] (Inlet, D;)
ey | L Ivashkevich [28] (D,)
i P—O—%—{ ; L Hall & Mudawar [5] (Outlet, Dy)
L —— L Hall & Mudawar [34] (Outlet, D)
! ——o0—H ' L Hall & Mudawar [34] (Inlet, D,)
00— i I Hall & Mudawar [34] (Outlet, D,)
| O — - Yagov et al. [33] (D,))
I O i - Celata et al. [31] (D,)
I O { F Yagov et al. [33] (D,)
i I O 1 I Hall & Mudawar [5] (Inlet, D)
oo - Hall & Mudawar [5] (Outlet, D)

|
1 1 1 ! ! ! 1

-100 -80 -60 -40 -20 0 20 40 60 80 100
Mean Error (%)

Fig. 4. Mean error and standard deviation for the twelve most accurate subcooled CHF correlations in order of increasing mean absolute error for 1g,
CHF data.

providing superior predictions while others yielding unusu- Figs. 4-6 show the mean error and standard deviation
ally large errors. Therefore, only the top twelve best corre-  from the mean error for the twelve correlations that yielded
lations were further examined and compared. best predictions of the 1g, data, equivalent pg, data, and
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Fig. 5. Mean error and standard deviation for the twelve most accurate subcooled CHF correlations in order of increasing mean absolute error for

equivalent pug, CHF data.
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Fig. 6. Mean error and standard deviation for the twelve most accurate subcooled CHF correlations in order of increasing mean absolute error for both

lg. and equivalent ug, CHF data.

combined 1g, and equivalent pg, data, respectively, for
subcooled FC-72. By definition, CHF predictions for
68% of the data will have errors that lie within a standard
deviation from the mean error. Correlations are ranked in
each figure in order of increasing mean absolute error.

Overall, only five correlations share the best performance
for both environments: Hall and Mudawar [5], Hall and
Mudawar [34], Ivashkevich [28], Yagov et al. [33], and
Celata et al. [31]. Interestingly, those same five correlations
were shown by Hall and Mudawar [5] to provide good
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predictions when tested against all subcooled water data of
the PU-BTPFL database. Each of the two correlations by
Hall and Mudawar [5,34] can be based on either inlet or
outlet conditions, as indicated in Figs. 4-6. Therefore,
these two correlations are available in four different forms.
Substituting D, and then D, in each yields eight possible
forms for accuracy assessment. The correlation by Yagov
et al. [31] is also tested twice, once using D, and then D,
The channel diameter in the correlations by Ivashkievich
[28] and Celata et al. [31] appears in Reynolds number
terms only; therefore only D, is used when assessing these
two correlations.

Overall, the correlations by Hall and Mudawar [5,34]
provide the best predictions, especially when using Dj,. This
may be the result of the ability of D, to better account for
vapor development along the channel than D,. Inlet condi-
tions correlations also provide better predictions for the 1g,
data, Fig. 4, and combined 1g, and equivalent ug, data,
Fig. 6, but an outlet conditions correlation shows better
predictions for the equivalent ug, data, Fig. 5. Given the
relatively small number of ug, data points, inlet conditions
appear better suited for subcooled FC-72. Using the com-
bined databases as basis, Fig. 6, best overall results are
achieved using the inlet form of Hall and Mudawar’s cor-
relation [34] based on heated diameter, D),

5. Conclusions

This study examined prior correlations for subcooled
flow boiling CHF, derived mostly from water databases,
for suitability to dielectric working fluids and relatively
small flow channels found in electronics cooling applica-
tions in both microgravity and Earth gravity. Kind findings
from this study are as following:

(1) Only dimensionless correlations are deemed suitable
for different coolants. Those correlations must also
be manipulated by replacing channel diameter by
the appropriate hydraulic diameter, D,., or heated
diameter, Dy,

(2) The dimensionless correlations were assessed using
several statistical parameters that provide different
measures of predictive accuracy. These include mean
error, mean absolute error, and RMS error. A subset
of the correlations showed good predictive capability
while others showed appreciable error. The successful
correlations are deemed very effective at correlating
CHF data for different fluids and complex flow and
heating configurations. Those that yielded poor pre-
dictions are not necessarily poor correlations since
they were recommended mostly for water flows. Their
poor predictive capability is simply an indication
that, despite their dimensionless form, they may not
be suitable to fluids other than water or to more com-
plicated flow or heating configurations.

(3) Two correlations by Hall and Mudawar [5,34] pro-
vide the best overall CHF predictions for 1g, data

alone, combined 1g, and equivalent ug, data, and
ug. data alone, especially when based on inlet condi-
tions. This demonstrates the effectiveness of these
correlations at tackling fluids other than water as well
as complex flow and heating conditions.
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