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Abstract

Spray water cooling is an important technology used in industry for the cooling of materials from temperatures up to 1800 K. The
heat transfer coefficient in the so-called steady film boiling regime is known to be a function of the water impact density. Below a specific
surface temperature TL, the heat transfer coefficient shows a strong dependence on temperature (Leidenfrost effect). These findings are
the results of complex self-organizing two-phase boiling heat transfer phenomena.

The heat transfer coefficient was measured by an automated cooling test stand (instationary method) under clean (non-oxidizing) sur-
face conditions. Compared to the common thought, an additional temperature dependency in the high temperature regime was found.
The heat transfer from the material to the outflowing spray water is explained by a simple model of the two-phase flow region. From the
experimental data, an analytic correlation for the dependence of the heat transfer coefficient a as an analytic function of water impact
density VS and temperature DT is provided.

For water temperatures around 291 K, surface temperatures between 473 and 1373 K, i.e. DT > 180 K and water impact densities
between VS = 3 and 30 kg/(m2 s) the heat transfer coefficient a was measured. The spray was produced with full cone nozzles
(vd � 13–15 m/s, dd � 300–400 lm).
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Spray cooling technology for high temperature surfaces
plays an important role in metal production and processing
industry. Especially in steel industry, spray cooling is used
as secondary cooling procedure in strip casting and for the
final microstructure optimization after hot rolling.

The underlying scientific problem is sketched in Figs. 1
and 2. It is characterized by spraying a jet of gas (typically
air, characteristic speed vair) containing liquid drops (typi-
cally water at a temperature TW, characteristic volume
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mean diameter dd and speed vd) towards the surface to be
cooled. While the technology is applied since the 1940s, sci-
entific investigations started with the theoretical [2] and
experimental [9] investigation of film boiling. Spray cooling
is investigated since the late 1960s [7,6]. The primary
parameter is the temperature of the surface TS. The water
impact density VS is known to be the second important
parameter for the determination of the heat flux. As shown
in Fig. 1, every specific water impact density implies a spe-
cific boiling curve (from boiling experiments known as
Nukiyama [19] curve).

The heat transfer coefficient (HTC) a, defined by a =
q/(TS � TW) or the heat flux density q itself run through
several characteristic regimes. For very low DT = TS � TW,
the heat is transferred through natural convection until
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Nomenclature

cp specific heat (J/(kg K))
d thickness or diameter (m)
g acceleration due to gravity (9.81 m/s2)
r radius (m)
q heat flux (W/m2)
T temperature (K)
VS spray water mass flux (kg/(m2 s))
v velocity (m/s)
a heat transfer coefficient (W/(m2 K))
b thermal expansion coefficient (1/K)
DT temperature difference (w/o subscript: TS � TW)

(K)
g viscosity (Pa s)
k heat conductivity (W/(m K))
q density (kg/m3)
r surface tension (N/m)

Dimensionless numbers
Fr Froude number vffiffiffiffiffi

g�d
p

Gr Grashoff number q�g�d3�b�DT
g2

Nu Nusselt number a�d
k

Pe Peclet number
q�cp �v�L

k

Pr Prandtl number
cp �g
k

Ra Rayleigh number Pr � Gr

Re Reynolds number q�v�L
g

We Weber number q�v2�d
r

Subscripts

air air
d droplet
f film fluid (water)
g gas/vapor
s sample
S upper surface (cooled)
U lower surface (thermocouple)
W spray water
max maximum
min minimum
CHF critical ((maximum) heat flux)
LF Leidenfrost point (minimum heat flux)
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boiling occurs by the formation of isolated bubbles. These
phenomena were described first by Jakob and Linke [12]
and are reviewed for the spray cooling case in [3]. In the
nucleate boiling regime the vapor bubbles form jets and
columns until a maximum (critical) heat flux (CHF) is
reached.

Starting the observation from the high temperature
regime, a stable vapor film forms between the water film
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Fig. 1. Spray cooling schema and b
and the surface (film boiling regime [15]). This regime
was often characterized by a temperature independent
HTC, i.e. the heat flux is linear increasing with DT. Our
results will demonstrate the deviations from this assump-
tion for higher values of VS > 10 kg/(m2 s). The minimum
heat flux density in the high temperature part of the curve
defines the spray cooling Leidenfrost temperature (qmin,
TLF, see e.g. [28]). Below TLF, the vapor film becomes more
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and more instable until the CHF is reached again. Due to
the flooding of the surface, the definition of the Leidenfrost
point is different to the original one, which is adapted to
droplet evaporation time measurements.

For this paper, water (TW = 18 �C) impact densities
from VS = 3–30 kg/(m2 s) and surface temperatures
between 200 and 1100 �C are investigated. The spray was
produced with full cone nozzles. From the correlations
obtained by Nasr et al. [18], the droplet velocity is
vd � 14 m/s and the volume mean drop diameter is
dd � 350 lm. The experimental data will extend earlier sys-
tematic experiments for lower values of VS and DT (e.g.
[4,14]) and previous high temperature investigations for
lower values of VS (see e.g. [30] for a correlation analysis).

Before describing the measurements in Section 3 and the
resulting correlation for the HTC a in Section 4, some sche-
matic considerations on the two-phase flow phenomena
above the hot surface are provided in the next section.
2. General analysis of the two-phase flow region

An ab-initio treatment of liquid droplets impacting to a
flat hot surface is possible for the limiting case of individual
drops splashing directly onto the surface [10] or a surface
covered by a liquid film [23]. CFD multiphase VOF models
are applicable, but the computational effort required for
the parameters of this paper is far from being affordable.
For a general insight and for obtaining some qualitative
knowledge on the cooling mechanism, a simple model of
the heat transfer from the solid surface to the outflowing
water is provided here. These calculations will allow a basic
understanding of the flow phenomena in the self organized
water film and estimates of its characteristic dimensionless
numbers.

The vapor film thickness dg was measured to be between
120 lm at 400 �C and 200 lm at 700 �C ([8], immersion
cooling of a 30 mm diameter sphere, TW = 55 �C, q �
0.2 MW/m2). Thus the heat transport from the surface
through the vapor is assumed to be dominated by conduc-
tion with some contribution from radiation and convec-
tion. The role of the vapor layer is to form a thin skin
transporting the energy perpendicular to the surface
towards a thin liquid layer. Above the mist cooling regime
[26], the impacting liquid droplets are flooding the surface
forming this liquid layer of a self organizing mean thick-
ness df. In the stationary state, the water film develops an
outward velocity vf and a fluid temperature above that of
the impacting spray. The energy is finally carried away
by heating the spray water by DTW when it leaves the
sprayed region.

For a given water impact density VS, the mean water
film thickness df can be estimated by the following assump-
tions: The film is divided in two regions. The inner region
up to the radius rmax is dominated by the homogenous
spray with the impact density VS. For radial distances
r > rmax, the flow is assumed to be subcritical, while it is
supercritical in the spray region. We try to estimate steady
state values for the outflow velocity vf and the heating pro-
vided to the fluid by a given mean HTC a acting in the
inner region (as a difference DTW added to the spray water
temperature TW). For the boundary rmax, we assume a Fro-
ude Number Frjr¼rmax

¼ vf=
ffiffiffiffiffiffiffiffiffiffiffi
g � d f

p
� 1. In steady state, the

fluid amount provided by VS flows outward with the veloc-
ity vf at r = rmax. The amount of vapor penetrating as bub-
bles through the fluid layer without condensing is assumed
to be zero. The model is self consistent for the stable film
boiling region. The global mass balance for the inner
region is fulfilled by

V S � pr2
max ¼ 2prmax � d f � vf � qf ð1Þ

The Fr = 1 condition at rmax is equivalent to a Bernoulli
equation setting the dynamic pressure 1=2qf � v2

f equal to
the average hydrostatic pressure in the fluid layer 1/
2qf � g � df.

The values of the fluid layer thickness df and the fluid
layer outflow velocity vf can be calculated for given values
of rmax and VS

d f ¼
rmax � V S

2qf �
ffiffiffi
g
p

� �2=3

ð2Þ

vf ¼
g � rmax � V S

2qf

� �1=3

ð3Þ

Finally, the difference DTW between the temperature Tf of
the water flowing outward with vf at rmax and the spray
water temperature TW can be calculated for the stationary
state. The heat extracted from the material
a � ðT S � T WÞ � pr2

max is equal the heat carried away by the
water (with T-increase DTW). In the stationary state, this
energy is equal to V S � pr2

max � cp;f � DT W. As a result, DTW

can be calculated by

DT W ¼
a � ðT S � T WÞ

V S � cp;f
ð4Þ

The fluid properties are taken for water between 18 and
95 �C (qf = 959–998 kg/m3, cp,f = 4182 J/(kg K), kf = 0.60–
0.68 W/(m K), gf = 0.28–1 mPa s, bf = 21–74 � 10�5 K�1



J. Wendelstorf et al. / International Journal of Heat and Mass Transfer 51 (2008) 4902–4910 4905
and r = 59–72 mN/m). Using two representative values for
a in the film boiling regime at VS = 3 and 30 kg/(m2 s) and
three representative values for the radius of the sample or
sprayed area, the water film thickness df, the outflow velocity
vf and DTW are provided in Table 1. The slow variation of D
TW � 20 K explains the experimental findings on the HTC
dependency on water temperature [24,22]. The two-phase
system behaviour is similar for water temperatures from 20
to 60 �C, while above�80 �C, the heating of the liquid phase
is limited by the onset of boiling. Thus the model explains the
small changes of the HTC with water temperatures below
�60 �C while the HTC decreases at higher water tempera-
tures or lower subcooling degrees respectively. The spray
water temperature is thus not varied in the experiments.

This simple model provides realistic ranges for the val-
ues of the water film parameters and allows to calculate
the characteristic numbers for the fluid flow in the liquid
layer (r = 1/2rmax). The Reynolds number is above
Ref = 13 but presumably in the laminar regime. Only for
high spray water temperatures and high water impact den-
sities Ref can be above 1000. The Weber number is small
(Wef < 0.6), i.e. surface tension dominates viscosity in the
water film. The Grashoff Grf number is well above 1, i.e.
inertia and buoyancy forces are again more important than
viscosity. The Peclet numbers are much greater than unity
thus the assumption of a pure convective heat transport in
the liquid film is self consistent. Momentum diffusity dom-
inates thermal diffusity (Prf = 1.7–7). Rayleigh numbers in
the film can reach critical values in principle, but the for-
mation of Benard cells is thought to be inhibited by the
radial outward flow.

For the stable steam layer forming in the film boiling
regime, the gas properties strongly depend on tempera-
ture. The values are taken for hot steam at atmospheric
pressure between 100 and 500 �C (qg = 0.17–0.59 kg/m3,
cp,g = 2077–2478 J/(kg K), kg = 0.025–0.136 W/(m K),
gg = 0.012–0.048 mPa s and bg = 0.8–2.9 � 10�3 K�1). In
the steam layer (Prg = 0.18–4.7, Grg < 0.4), the energy
transport (Benard problem, see e.g. [5]) is presumably
dominated by conduction, because it is too thin to
develop convection cells between the hot solid surface
T = TS and the phase boundary T = Tsat � 100 �C
(Rag < 2). Due to the nonequilibrium nature of the steam
layer, its mean temperature and thus heat conductivity is
Table 1
Values of the fluid layer thickness df, outflow velocity vf and temperature
difference DTW at a surface temperature of TS = 600 �C, TW = 18 �C and
typical a values for low (VS = 3 kg/(m2 s)) and high spray intensity
(VS = 30 kg/(m2 s))

a (W/m2 K) rmax (mm) df (mm) vf (m/s) DTW (K)

425 10 0.28 0.053 19.7
425 20 0.45 0.067 19.7
425 50 0.83 0.090 19.7

3616 10 1.32 0.114 16.8
3616 20 2.09 0.143 16.8
3616 50 3.86 0.194 16.8
high (kg � 0.08 W/(m K) [13]). A HTC value of typically
1000 W/(m2 K) can be explained by pure heat conduction
for a layer thickness below 80 lm.

The conventional Nusselt number approach is not used
here, because the required length (dg) and heat conductivity
(kg) can not be measured, while the HTC a can be directly
measured.

The droplets of industrial sprays usually show very high
Weber numbers, i.e. they reach the liquid layer surface in a
highly deformed inhomogeneous state. For the sprays used
in this paper, the droplet Weber number is approximately
Wed = 1000 ± 500.

The most problematic approximation may be the miss-
ing momentum balance (using the Fr = 1 boundary condi-
tion) which is difficult to solve due to the required temporal
and spatial resolution (droplet impact) required for a
VOF–CFD model in a calculation domain of more than
20x2 mm.

3. Experimental methods

The HTC measurements were done for the horizontal
spray position (spraying downwards, see Fig. 3). The water
impact density was measured in advance for different noz-
zles depending on the nozzle-sample distance [27]: Replac-
ing the heat transfer sample by measuring cups of different
diameters, VS is derived from VS = m/(A � t), where m is the
water mass in the cup (area A) after time t. Using this
method, the values of VS are accurate by ±8% (systematic
measurement accuracy and statistical fluctuations). Full
cone nozzles (Spraying Systems VKE6/60, VKE6/90 and
VKE8/60) were used at spraying distances ranging from
62 to 105 mm. The droplet velocity and size distributions
where not directly measured but obtained from correla-
tions found in the literature [18]. For the spray parameters
used, the possible values of the average droplet velocity is
calculated to be 13–15 m/s and the mean diameter is in
the range of 300–400 lm for the values of the impingement
density under investigation.

The sheet specimens of commercially pure nickel (99.3%
Ni) with a thickness of 1.0 mm were milled to discs with
70 mm in diameter. Up to 5 thermocouple pairs, one in
the center and the others perpendicular at a radius of
10 mm, were spot welded to the lower side of the sample
discs. The temperature measurement was carried out with
Ni–CrNi thermocouples with a wire diameter of 0.5 mm.
The thermocouple wires were insulated by thin ceramic
tubes. Supported by heat conduction calculations for the
complete sample holder, there were no differences in the
cooling curves for the different thermocouple positions
and thus no radial heat transport. The experimental set-
up sketched in Fig. 3 was used for heating the samples
and measurement of the sample temperature during spray
cooling.

After installation in the furnace sample holder, the disks
were heated under protective atmosphere up to 1200 �C.
Reaching the test temperature, the sample was moved
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automatically from the furnace under the full cone nozzle,
which takes approximately 4 s. In this position, it is subse-
quently cooled with spray water (mass flux density VS). The
water temperature TW was approximately 18 �C. The
resulting measurement data is the time depending temper-
ature for the individual thermocouples welded to the back
of the samples (Dt = 0.1 s, DT = 0.75%/2.5 K).

Copper was not taken as sample material because of the
lower melting point and due to problems with soldering or
welding the thermocouples. Different steels were tested
showing equivalent results within the measurement accu-
racy. It has to be noted, that in the case, the sample mate-
rial undergoes phase transformations during cooling – like
steel materials below 900 �C – the accuracy is limited by the
unknown exact values of cp(T).
3.1. Analysis and measurement accuracy

In principle, the heat transfer coefficient due to spray
water cooling does not depend on the material to be
cooled. Apparent significant material dependencies can be
explained by the effect of differing surface conditions or dif-
fering surface cooling rates in the order of magnitude of the
time scales required by the water film to adapt to changes
in the surface temperature. For technically pure nickel,
there are no unpredictable phase transformations occurring
in the temperature range under consideration. The specific
heat capacity depending on temperature cp(T) was calcu-
lated with the Thermo-Calc Software based on the chemi-
cal analysis [25].

Additionally, the nickel surface structure is not affected
by high temperatures up to 1700 K. The very thin protec-
tive oxide layer forming at higher temperatures was not
crucial due to its stability and thickness (see [29] for a dis-
cussion of the oxide layer effects).

The cooling conditions are sketched in Fig. 2. For thin
samples, the temperature differences between the surface
S and the backside U (�10 K in the stable film boiling
regime) are small and the cooling rate at positions S and
U is nearly the same. The heat transfer coefficient can be
directly derived from the measured values TU(t) (for details
see [27])

a � � cpðT UÞ � qS � dS

T U � T W

� oT U

ot

����
U

ð5Þ
The results from Eq. (5) are identical to those obtained by
a more computationally intense inverse modelling analy-
sis. The measurement accuracy can be calculated from
the error propagation law using the accuracies of the val-
ues required in Eq. (5). The specific heat data has an
absolute accuracy of about 8% [20], the temperature accu-
racy was taken from the type K thermocouple specifica-
tions (IEC-584-2) and the accurate determination of the
cooling rate oTU/ot was performed by numerical tech-
niques [27]. The cooling rate was obtained with an accu-
racy of 8%. An additional error of 2% comes from the
qs � ds product due to thermal expansion of the sample.
In the stable film boiling region, the overall systematic
accuracy for the determination of a was 11% and the sta-
tistical fluctuation was found to be around 5–8% as long
as the spray nozzles are not introducing additional fluctu-
ations due to operating them beyond their stable param-
eter settings. In the transition boiling regime, statistical
fluctuations can be up to 30%. Due to the high and time
dependant cooling rates below the Leidenfrost tempera-
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ture TL, the a-measurement accuracy is estimated to be
10–30% in this area.

4. Experimental results

For water mass flux densities varying from 3 to 30 kg/
(m2 s) and temperature differences from 150 to 1100 K
the cooling curves were measured (28 experiments, 73 cool-
ing curves). The examples shown in Fig. 4 demonstrate the
well known principal behaviour. The cooling rate in the
stable film boiling regime increases with increasing water
mass flux density VS. The onset of transition boiling
(Leidenfrost point) can be identified by the lower tempera-
ture bending of the cooling curve. The high temperature
bend in the cooling curves is due to the onset of cooling
when the sample reaches the spray position. For this rea-
son, the a calculation should start well below the furnace
temperature to avoid artificial low a-values at high temper-
atures. For this reason, the experiments where repeated
with different starting temperatures and only the data not
depending on the starting temperatures are used.

4.1. Boiling curve correlation

From the HTC values a calculated by Eq. (5) from all
experimental data sets, the a(VS, DT)-dependency was
determined in form of an analytic correlation formula
(the ±-values indicate the 95%-confidence intervals)

aðDT ; V SÞ ¼ 190� 25þ tanh
V S

8

� �

� 140� 4 � V S 1� V S � DT
72; 000� 3500

� ��

þ 3:26� 0:16 � DT 2 1� tanh
DT

128� 1:6

� �� 	�

ð6Þ
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Compared to equivalent correlations for the Nusselt heat
transfer number this fit-formula has the important advan-
tage of a direct practical applicability, while the dimension-
less numbers require values for a number of unknown
quantities like the vapor layer thickness or the mean veloc-
ity in the liquid layer (see Section 2).

This correlation is visualized in Fig. 5. Compared to the
literature, this correlation is valid for all boiling regimes
(no piecewise definition). The high temperature values
(DT > 400 K) are in agreement with the extrapolated data
from existing correlations [17].

In the stable film boiling regime at DT = 700 K data
from other references is available. Eq. (6) is found to be
in good agreement with the independent measurement data
from these references (see Fig. 6). As long as the measure-
ment accuracy was specified or can be determined from
the data provided, the correlation agrees within the error
limits [27].

In the low temperature regime DT < 400 K, there are
quantitative deviations from the data of other groups,
which can be explained by the different spray parameters
and the larger experimental error in this parameter range.
Nevertheless, for DT in the CHF regime and below Eq.
(6) shows the correct qualitative behaviour allowing the
application of this correlation to heat transfer problems
where accurate results are required in the high temperature
regime without getting any unphysical or qualitatively
wrong results below the Leidenfrost point (numerical sta-
bility). The discontinuities from piecewise defined correla-
tions beyond their extrapolation limits are thus avoided.

Finally the correlation given in Eq. (6) provides quanti-
tative values for the additional a dependency on D T for
water mass flux densities above VS = 10 kg/(m2 s). As
shown in Figs. 7 and 5, the formerly postulated DT-inde-
pendency in the high DT-regime may come unavailability
of reliable data above DT = 700 K. Our experiments were
found to be accurate up to D T � 1100 K and the HTC
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decrease shown in Fig. 7 is significant and important for
the prediction of steel mass production cooling processes,
where such high values of DT are normal. The experimental
evidence of this phenomenon was judged to be significant.
For a detailed explanation, advanced modelling and more
high temperature experiments may be useful. Because of
the lower heat conductivity of the vapor layer for higher
DT, the observations are compatible with the concept of
stable film boiling.
5. Summary and conclusions

The heat transfer for spray cooling of clean surfaces
using full cone nozzles (vd � 14 m/s, dd � 350 lm) in the
parameter range VS = 3–30 kg/(m2 s) and surface tempera-
tures between 200 and 1100 �C were investigated. The
resulting correlation includes the full DT and VS-depen-
dency of the heat transfer coefficient a:

� The stable film boiling regime shows an HTC decreasing
with temperature difference for VS > 10 kg/(m2 s) and D
T above �800 K (Fig. 7).
� The absolute accuracy of the HTC measurement was

better than 11% in the film boiling regime.

For the transition regimes between mist cooling and
(flooding) spray cooling (VS = 0.1–5 kg/(m2 s)), additional
experiments may be required to enhance the accuracy of
existing correlations [17]. For the very high mass flux den-
sity regime (VS > 20) the details of the transition to jet cool-
ing may require further investigations. For the validation of
modelling data and for industrial cooling system optimiza-
tion, the measurement accuracy requires further enhance-
ment, especially below the Leidenfrost temperature.
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