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Critical Heat Flux Limits for High Velocity,
High Subcooling Water Flows

D. A. Greisen,¤ D. C. Rousar,† and W. R. Thompson‡

Aerojet, Sacramento, California 95813-6000

Successful design of high heat � ux water-cooled systems requires the capability to predict the critical heat � ux
limits of high velocity, high subcooling water � ows. To support this design capability, Aerojet has measured 20
high velocity, high subcooling critical heat � ux values and developed a design correlation. The measured critical
heat � ux values range from 15.2 to 109.7 MW/m2 (9.3 to 67.1 Btu/in.2-s) with a subcooling range of 54.4–275.2±C
(97.9–495.3±F) and a bulk velocity range of 11.6–49.4 m/s (38–162 ft/s). The Aerojet design correlation predicts the
measured data to from ¡¡ 17 to ++16%. Two predictive techniques from the literature, the Tong correlation (Tong,
L. S., “A Phenomenological Study of Critical Heat Flux,” American Society of Mechanical Engineers, Paper
75-HT-68, 1968) and the Katto model (Katto, Y., “A Prediction Model of Subcooled Water Flow Boiling CHF for
Pressure in the Range of 0.1 to 20 MPa,” International Journal of Heat and Mass Transfer, Vol. 35, No. 5, 1992,
pp. 1115–1123), were evaluated against the 20 critical heat � ux conditions presented. The Katto model predicted
the current test data more accurately than the Tong correlation. The Katto model predicted the data from ¡¡ 20 to
++42%.

Nomenclature
A, B = correlation constants
C p = speci� c heat
D = diameter
f = friction factor
G = mass � ux, kg/(m2 ¢ s)
h = forced convection heat transfer coef� cient
h f g = latent heat of vaporization
Ja = Jacob number
L = length
P = pressure
q = heat � ux
(q / A)critical = critical heat � ux
(q / A)sat pool = saturated pool boiling heat � ux
Re = Reynolds number
Tbulk = � uid bulk temperature
Tsat = saturation temperature
V = � uid velocity
X = thermal equilibrium quality
a = void fraction
b = correlation factor, Eq. (2)
D Tsub = subcooling, Tsat ¡ Tbulk

l = viscosity
q = density

Subscripts

bulk = bulk mixed � uid conditions
critical = critical conditions
ex = exit conditions
f = pertains to the liquid in saturated conditions
g = pertains to the vapor in saturated conditions
meas = measured condition
pred = predicted condition
sub = subcooled condition
W = wall condition
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Introduction

M ANY high heat � ux systems are cooled with water � owing
at high velocity and subcoolingconditions.While designing

these systems it is important to have the capability to predict the
critical heat � ux (CHF) of water and thereby avoid costly failure.
Research investigatingthe CHF limits of subcooledwater � ows has
been ongoing for many years. This research has involved two tasks:
the acquisitionof test data and the developmentof data correlations
(or models) capable of predicting the observed data trends. Recent
review articles1¡3 present a large amount of the test data available
in the open literature and, in addition, provide comparison between
thesedata and many correlationsor models that havebeenproposed.
However, some important data on water CHF at high velocity and
subcooling conditions were not considered in the recent work be-
cause they are unknown to most of the technical community.

The objectives of the current paper are: 1) to present 20 high
velocity, high subcooling critical heat � ux measurements for water
that were not included in the recent review articles, 2) to compare
the data with a designcorrelationfor CHF that has been successfully
used to design water cooled combustion devices since 1966, and 3)
to provide a comparison between the test data and two critical heat
� ux predictive techniques from the literature.

CHF Test Data
Table 1 presents the tube con� gurations tested. As shown, the

tested tube outside diameters were 3
16

or 1
4

in. Wall thicknesses
ranged from 0.015 to 0.035 in., whereas the heated L /D ranged
from 13.3 to 100. Table 2 presents the � ow conditionsat the burnout
locationwhereasTable3 presentsthemeasuredCHF andenergybal-
ance data. The measured CHFs ranged from 15.2 to 109.7 MW/m2

(9.3 to 67.1 Btu/in.2-s) whereas the local subcooling ranged from
54.4 to 275.2±C (97.9 to 495.3±F), the local bulk velocity ranged
from 11.6 to 49.4 m/s (38 to 162 ft/s), and the local static pres-
sure ranged from 4.64 to 13.79 MPa (673 to 2000 psia). These data
were obtainedduring the performanceof contractsAF 04(694)-212
and AF 04(611)-10785 in the 1960s and have been previouslypub-
lished only in contract reports4,5 that were not widely distributed.
Consequently, they were not included in the recent survey work.

The test data were obtained using a nitrogen blowdown type test
systemwith dc electricallyheatedtest sectionsfabricatedfromstain-
less steel and Inconel 718 tubingwith circular cross sectionand uni-
form wall thickness with the internal diameter ranging from 0.003
to 0.00558 m (0.1175 to 0.22 in.). A typical test system is shown in
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Table 1 Tube geometries tested during CHF tests

Tube Wall Heated Unheated
Test o.d., thickness, length, Heated entrance
numbera,b in. in. in. L/ D length, in.

D-115-LC-5 1/ 4 0.016 2.9 13.3 4.0
D-115-LC-2 3/ 16 0.035 5.5 47 4.0
D-115-LC-13 1/ 4 0.035 18.0 100 4.0
D-115-LC-9 3/ 16 0.016 3.0 19.2 4.0
D-115-LC-6 1/ 4 0.016 6.1 28.0 4.0
D-115-LC-11 3/ 16 0.016 2.55 16.4 4.0
D-115-LC-10 1/ 4 0.016 3.3 15.1 4.0
D-115-LC-7 1/ 4 0.016 2.9 13.3 4.0
D-115-LC-3 1/ 4 0.016 6.1 28.0 4.0
D-115-LC-18 1/ 4 0.016 6.1 28.0 4.0
D-115-LC-16 1/ 4 0.035 18.0 100.0 4.0
D-115-LC-8 3/ 16 0.016 3.0 19.2 4.0
D-115-LC-4 3/ 16 0.016 3.0 19.2 4.0
D-115-LC-17 1/ 4 0.035 8.1 45.0 4.0
D-115-LC-14 3/ 16 0.016 2.5 16.0 4.0
D-115-LC-15 3/ 16 0.016 2.5 16.0 4.0
D-115-LC-19 1/ 4 0.016 6.1 28.0 4.0
D-115-LC-21 1/ 4 0.016 6.1 28.0 4.0
HT-4-106 1/ 4 0.016 4.0 18 5.0
HT-4-105 1/ 4 0.015 5.0 22.7 5.0

aTest series D-115-LC conducted on Contract AF 04(694)-212; test series HT-4 con-
ducted on Contract AF 04(611)-10785.
bTube material for all tests was CRES 347, with the exception of test HT-4-105; tube
material for test HT-4-105 was Inconel 718.

Table 2 Flow conditions at burnout location for CHF tests

Static Flow Bulk Saturation Subcooling
Test pressure, velocity, temp, temp, D Tsub,
numbera,b psia ft/s ±F ±F ±F

D-115-LC-5 673 52.0 108.7 498.7 390.0
D-115-LC-2 873 44.2 241.8 528.4 286.6
D-115-LC-13 681 43.9 402.0 499.9 97.9
D-115-LC-9 760 108.3 117.2 512.4 395.2
D-115-LC-6 742 111.9 214.4 509.6 295.2
D-115-LC-11 977 141.9 114.0 541.8 427.8
D-115-LC-10 862 147.8 192.3 526.7 334.4
D-115-LC-7 1523 51.8 102.9 598.2 495.3
D-115-LC-3 1550 47.5 156.3 600.6 444.3
D-115-LC-18 1494 54.2 208.9 595.7 386.8
D-115-LC-16 1510 45.6 470.0 597.1 127.1
D-115-LC-8 1494 100.9 121.3 595.7 474.4
D-115-LC-4 1670 95.6 180.2 610.7 430.5
D-115-LC-17 1573 79.1 398.9 602.6 203.7
D-115-LC-14 1286 162.2 105.7 571.7 466.0
D-115-LC-15 1285 139.3 213.0 571.7 358.7
D-115-LC-19 1578 66.2 216.0 603.0 387.0
D-115-LC-21 1557 54.6 247.0 601.2 354.2
HT-4-106 1020 38.0 282.0 547.0 265.0
HT-4-105 2000 48.1 165.0 636.0 471.0

aTest series D-115-LC conducted on Contract AF 04(694)-212; test series HT-4 con-
ducted on Contract AF 04(611)-10785.
bAll tests were conducted with distilled water except: DC-115-LC-19 used Azusa, Cal-
ifornia, tap water and DC-115-LC-21, HT-4-106, and HT-4-105 used deionized water.

Fig. 1. The burnout, or CHF, was determined by stepwise increas-
ing the test section heat � ux until the wall temperature at a point
on the test section (almost always near the outlet end) increased
suddenly, and test section failure occurred. All thermal and � ow
conditions were allowed to achieve steady state at each heat � ux
level. Repeat testing on a subsequent program demonstrated data
repeatabilitywithin 1% on CHF and 3% on the product of velocity
and subcooling.

Sixteen of these CHF measurements were made with distilled
water, 3 with deionizedwater, and 1 with Azusa, California, tap wa-
ter. In the relatively short-duration CHF tests (3–5 min, typically),
the tap water and deionized water results were comparable to the
distilled water results. Long-duration tests were also conducted at

Table 3 Measured CHF conditions

Measured Burnout
Test (VD Tsub)/1000, CHF, point,b Energy
numbera ft±F/s Btu/in.2-s in. balance,c (%)

D-115-LC-5 20.28 26.7 0.1875 C12.2
D-115-LC-2 12.67 19.3 0.5 C13.4
D-115-LC-13 4.29 9.3 0.1875 C10.1
D-115-LC-9 42.80 40.4 0.125 C1.7
D-115-LC-6 33.03 32.0 0.125 ¡6.2
D-115-LC-11 60.70 63.2 0.1875 C6.2
D-115-LC-10 49.42 45.2 1.0 C5.4
D-115-LC-7 25.66 27.0 0.25 C8.5
D-115-LC-3 21.10 20.6 0.75 C31.2
D-115-LC-18 20.97 20.0 0.25 C0.8
D-115-LC-16 5.79 9.3 0.125 ¡14.1
D-115-LC-8 47.87 46.2 0.1875 C9.1
D-115-LC-4 41.16 38.4 0.25 C0.6
D-115-LC-17 16.11 22.5 0.125 ——
D-115-LC-14 75.59 67.1 0.1875 C7.1
D-115-LCL-15 49.97 53.6 0.0625 C2.7
D-115-LC-19 25.62 24.5 0.25 ——
D-115-LC-21 19.34 21.0 0.1875 ——
HT-4-106 10.07 14.6 0.1 C4.7
HT-4-105 22.66 21.5 0.1 ——
aTest series D-115-LC conducted on Contract AF 04(694)-212; test series HT-4 con-
ducted on Contract AF 04(611)-10785.
bDistance from burnout point to downstream end of heated length.
cEnergy balance D [(Q in ¡ Qout)/ Q in] £ 10.

� xed heat � ux levels well below the burnoutheat � ux with tap water
and deionizedwater. Nothing unusualwas observed with deionized
water in a 46-min test, but severe wall temperature oscillations oc-
curred in the long-duration tap water test, which were attributed to
the formation of scale on the tube i.d. that periodically dislodged.
[The tap water conditions were total hardness D 403 ppm (CO2

and CO3), conductivityD 686 l \ /cm3 , resistivity D 1460 \ /cm3;
heat � ux: 11.3 Btu/in.2s; wall temperature: 1000–1400±F; and 1

4 in.
o.d.£ 0.016 in. wall tube.]

The uncertaintyof the measuredCHF data has been characterized
by computing the percent difference between the input electrical
energy and the measured energy out, indicated by � ow rate and
bulk temperature measurements:

energy balance % D (energy input ¡ energyout)

energy input
£ 100 (1)

These energy balance data are presented in Table 3: 16 of the 20
tests yielded energy balance results, and in 15 of these the balance
is within 14%, whereas a single test yielded a 31% energy balance.
Thus, the uncertainty of the data is comparable to the accuracy of
the data correlation (from ¡17% to C16%).

Prediction of the CHF
The reliability of a predictive technique is demonstrated by its

ability to predict measured test data. Three techniques were com-
pared to the current test data: 1) the Aerojet test data correlation,2)
versionsof a correlationinitiallypresentedby Tong,6 and 3) a model
presented by Katto.7 The Tong correlations and Katto model were
selected for comparison because they are applicable over the range
of conditions evaluated herein, and both techniques have demon-
strated ability to predict other CHF data.3

Aerojet Test Data Correlation

The Aerojet test data correlation was derived from the 20
CHF measurements presented in Table 3 and has been published
previously.8¡10 This design correlation predicts the CHF as a func-
tion of local water � ow velocity and the local subcooling.The gen-
eral form of the Aerojet design correlation is

(q/ A)critical D A C BV D Tsub (2)
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Fig. 1 Simpli� ed schematic of Aerojet CHF test facility.

where A and B are correlating constants, V is the bulk � uid ve-
locity, D Tsub is the local subcooling (Tsat ¡ Tbulk ), Tsat is the local
saturation temperature, and Tbulk is the local bulk � uid temperature.
During the period 1960–1985, it was found that this simple corre-
lating approach successfully correlated CHF data at high-velocity
and subcooling conditions for approximately 40 different � uids.
Many of these correlationsand the associateddata comparisons are
presented in Ref. 9.

A theoreticalbasis for the VD Tsub correlationapproach was doc-
umented in Ref. 8. It is based on the concept, presented by Levy,11

that the critical heat � ux to a subcooled � uid in forced � ow is re-
lated to the saturated pool boiling critical heat � ux and the forced
convection heat � ux as

(q/ A)critical D (1 C b )(q/ A)sat pool C h(Tw ¡ Tbulk) (3)

where b is a parameter relatingheat transfer by bubble agitationand
by latent heat content of the bubbles. Equation (3) can be arranged
into the Eq. (2) format assuming relatively high subcooling, pres-
sures in the range of 15–80% of the critical pressure, and Reynolds
number exponents near 1.0 in the forced convection heat transfer
coef� cient correlation.12 This comparison is not totally satisfac-
tory because test data show that the coef� cients A and B do not
vary with � uid temperature as the analogy between Eqs. (2) and (3)
suggests.

The correlation for water CHF was obtained by curve � tting the
Table 3 data and is

(q/ A)critical D 5.1 C 0.00086VD Tsub (4a)

for 4000< VD Tsub < 76,000 ft±F/s. In Eq. (4a), the units of
(q / A)critical are British thermal units per square inch second and
V D Tsub has the units of foot degrees Fahrenheit per second. The
following equation presents the water CHF correlation in SI units
for the Table 3 data:

(q / A)critical D 8.37 C 0.00256V D Tsub (4b)

for 2350< V D Tsub < 41,500 m±C/s. In Eq. (4b) the units of
(q / A)critical are megawatts per square meter and VD Tsub has the
units of meters degrees Celsius per second.

Figure 2a presents the Aerojet design correlationas compared to
the measuredCHF data. Figure 2b demonstratesthat this correlation
predicts the measured data to from ¡17 to C16%.

Reference 8 showed that low VD Tsub data do not agree with
Eq. (4); therefore the preceding correlation should not be used for
designpurposeswhen V D Tsub is less than 2350m±C/s (4000 ft±F/s).

Equation (4) has been successfully used to design water-cooled
combustion devices operating at high heat � uxes for over 30 years,
and no anomalies have ever been observed.Typically, a design point
is chosen such that the expected heat � ux is about 50% of the pre-
dicted CHF.

The most severe test of Eq. (4), as a design correlation, oc-
curred during a calorimeter combustion chamber test reported in
Ref. 13. The measured throat region heat � ux of 116.6 MW/m2

(71.8 Btu/in.2s) was much higher than expected. However, the cir-
cumferentialcoolant channeloperatedsuccessfullyeven though the
measured heat � ux was only 17% less than the predicted CHF.
[The water � ow conditions (outlet) were V D 64 m/s (210 ft/s),
Tbulk D 75±C (168±F), VD Tsub D 55,750 m±C/s (94,900ft±F/s) P D
12.3 MPa (1784 psia), and cross section of 0.00178 £ 0.00178m
(0.070 £ 0.070 in.).]

Tong Correlation

To cover the pressure range of interest, 4.6–13.75 MPa (673–
2000 psia), two versions of the Tong correlation were used. A low-
pressure version, 0.1–5.0 MPa (14.5–725 psia), was presented in
Ref. 3 as the modi� ed Tong. The expression for the modi� ed Tong
is

q

A
critical

D
Gh f g C

Re0.5
(5)

where

C D (0.216 C 0.0474P) W

W D 0.825 C 0.986Xex if Xex > ¡0.1

W D 1.0 if Xex < ¡0.1

W D 1.0

2 C 30Xex
if Xex > 0

The equilibrium quality X ex is evaluated as (¡C p, bulk) £ (Tsat ¡
Tbulk)/ h f g , whereas G is the mass � ux.
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Fig. 2a Aerojet design correlation and test data demonstrates linear nature of predictive approach.

Fig. 2b Aerojet design correlation predicts the measured test data to within from ¡¡ 17 to ++16%.

The high-pressureversionof theTong correlationusedhereinwas
presented in Refs. 3 and 9 and is referredto the Tong-75 correlation.
The recommendedpressurerangeof applicabilityfor this correlation
is 7.0–14.0 MPa (1015–2030 psia). The expressionsfor the Tong-75
correlation are

q

A
critical

D 0.23 f0Gh f g 1 C 0.00216
Pex

Pcrit

1.8

Re0.5Ja (6)

where

f0 D 8(De / D0)0.32

Re0.6

with D0 D 1.27 (10¡2) m (0.5 in.), and where

Re D
G D

l f (1 ¡ a )

with a evaluated per Ref. 14, and where

Ja D
C p(Tbulk ¡ Tsub)

h f g

q f

q g

Figure 3 presents a comparison between the measured critical
heat � ux data and the predicted CHF using the Tong correlations.
This comparison illustrates that the modi� ed Tong correlation un-
derpredicted the measured low-pressure [P < 5 MPa (725 psia)]
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Fig. 3 Comparision of Tong correlation CHF predictions to Aerojet measured CHF test data.

Fig. 4 Effect of tube diameter on the comparison of predicted to measured CHF: , Tong 75, high pressure model;and , modi� ed Tong, low pressure.

CHF data whereas the Tong-75 correlation overpredicted the mea-
suredhigh-pressure[P > 5 MPa (725 psia)] CHF data.The observed
difference between the measured and predicted CHF is similar to
that presented in Ref. 3 for the two versions of the Tong correlation
used. Figures 4–6 present the ratio of predicted to measured CHF as
a function of tube diameter, tube length to diameter ratio, and water
mass � ux, respectively.Figure 4 presents the effect of tube diameter
on the ratio of predicted to measured CHF. For the current test con-
ditions, with tube internal diameters ranging from 3 to 5.588 mm
(0.1175 to 0.22 in.), the ratio of predicted to measured CHF ranged
from 0.57 to 2.36. This compares, for the same internal diameter
range, to approximately from 0.6 to 1.75 from the comparisons of
Ref. 3.

Figure 5 presents the effect of tube length to diameter ratio on
the ratio of predicted to measured CHF. These data illustrate that
as the ratio of the length to diameter is increased beyond 40 the
range of predicted to measured CHF is 0.79–1.22, a much better
agreement between predicted and measured data than observed for

the data with tube length to diameter ratios less than 40. For L / D
ratio below 40, the ratio of predicted to measured CHF ranged from
0.57 to 2.36; these data compare to a range of 0.6–1.75 presented
in Ref. 3. A conclusion that could be drawn from these limited data
comparisonsis that as the tube L / D is increasedbeyond40 the Tong
models predict the measured data within a range of approximately
§20%. The data of Ref. 3 indicates that for L / D > 40 most of the
test data are predicted with §25%.

Figure 6 presents the effect of water mass � ux on the ratio of
predicted to measured CHF. These data illustrate that coolant mass
� ux does not appear to be a parameter,which explains the observed
differences between the predicted and measured CHF.

Katto Model

The Katto model is based on the liquid sublayer dryout mecha-
nism. This model has demonstrated predictive capability for water
overa pressurerangeof 0.1–20MPa (14.5–2900psia). In addition,it
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Fig. 5 Effect of tube length to diameter ratio on the comparison of predicted to measured CHF: , Tong 75, high pressure model; and , modi� ed
Tong, low pressure.

Fig. 6 Effect of water mass � ux on the comparison of predicted to measured CHF: , Tong 75, high pressure model; and , modi� ed Tong, low
pressure.

hasbeenused to predict subcooled� ow boilingfornitrogen,helium,
and three refrigerants (R-12, R-11, and R-113) (Ref. 15). The pre-
dictive procedurefor this model is presented in Ref. 7. The premise
of the liquid dryout mechanism is that a vapor layer forms between
the subcooled core region and a liquid sublayer region along the
heated wall, see Fig. 7 (Ref. 15). The CHF is attained when the
liquid within the liquid sublayer region vaporizes as a vapor slug
passes over. The liquid sublayer vaporization must be completed
prior to the passing of the vapor slug, which prevents replenish-
ment of the liquid sublayer with subcooled liquid from the core
region.

Review of the literature indicates that care must be taken when
using the Katto model. Reference 15 discusses the possibility of
obtaining multiple solutions/predictions for the CHF. The correct
prediction of the CHF, the one which has physical meaning, is that
with the highest value.

Figure 8 presents a comparison between the predicted CHF
from the Katto model and the measured CHF data. This favorable

Fig. 7 Basis of Katto model.
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Fig. 8 Katto CHF model predicts the measured CHF test data to from ¡¡ 20 to ++42%.

comparison illustrates that the predicted CHF data range from ¡20
to C42% of the measured CHF data.

Conclusion
There are 20 CHF data points for high velocity, high subcooling

water � ows presented.
A successfuldesigncorrelationapproachforCHF at high velocity

and subcooling is presented. This approach was used to correlate
the water CHF test data and the predicted CHF values are within
from ¡17 to C16% of the measured CHF data.

Two predictive techniques selected from the literature were eval-
uated at the test conditionsreported. The Katto model predicted the
measured CHFs more closely than the Tong correlations.The Katto
model predicted the measured CHF test data within from ¡20 to
C42%. However, application of the Katto model is more rigorous
than either the Aerojet or Tong correlations. In addition, because
of the iterative solution approach used in the Katto model, caution
must be exercised to ensure the correct prediction of the CHF is
obtained.

For a rapid evaluationof the CHF for high velocity,high subcool-
ing water � ows, the correlation shown on Fig. 2a is recommended
for the following rangeof � ow conditions:heat � ux, ·117.4 MW/m
(·71.8 Btu/in.2s); V D Tsub, 41,500 > V D Tsub > 2350 m±C/s
(76,000 > V D Tsub > 4000 ft±F/s); and pressure, 4.64–13.79 MPa
(673–2000 psia).

In the case of � ow conditions outside of this range, the Katto
model of Ref. 7 is recommended.
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