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Heat-treating of solid alloy cylinders is an important practical problem for which no optimal production
methods have been developed, especially in terms of the most crucial quenching stage. This study
explores the use of spray quenching as an alternative to the commonly used bath quenching, which is
known to yield relatively slow quench rates and provide few options for spatial optimization of cooling
rate. A carefully configured spray cooling system is examined, which provides maximum coverage of the
surface of a solid alloy cylinder with full-cone pressure sprays. A new analytical model is derived to deter-
mine the shape and size of the spray impact zone, as well as the distribution of volumetric flux across the
curved surface of the cylinder. This distribution is combined with heat transfer correlations for all spray
boiling regimes to generate a local boiling curve for every location across the impact surface. Using these
boiling curves as boundary conditions, a transient analysis is conducted for aluminum alloy and steel cyl-
inders. Increasing the nozzle pressure drop or decreasing the orifice-to-surface distance are shown to
hasten the exit from the poor film boiling regime to the more efficient transition boiling regime, resulting
in a quicker quench. Relatively high thermal diffusivity causes faster transmission of the spray cooling
effect through the cylinder and milder temperature gradients in aluminum compared to steel. This also
causes the outer surface to cool earlier but deeper points much slower for steel. Large temperature gra-
dients are encountered on the surface during the quench because of different boiling regimes occurring at
different locations exposed to the spray. This study highlights several practical advantages of spray
quenching compared with bath quenching, including the ability to achieve a wide range of fast quench
rates, uniformity and predictability of quench rate, and the ability to predict and guard against imperfec-
tions caused by thermal stresses.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction the most critical stage of heat-treating, which is intended to alter
Sprays are widely used for rapid cooling of metal surfaces from
very high temperatures [1,2]. They are also applied in low temper-
ature applications, which require removal of high heat fluxes from
small surfaces [3,4]. The simplest and most widely used sprays in
industry are pressure sprays, which achieve droplet breakup by
forcing liquid at high pressure through a small orifice-a plain-
orifice spray nozzle. The high upstream pressure provides the
necessary liquid momentum to overcome surface tension forces,
resulting in a cone of finely dispersed droplets characterized by
large interfacial area to volume ratio. This important attribute,
combined with high droplet impact speed and multiple droplet im-
pact over a relatively large surface area, enables sprays to achieve
high rates of heat removal while maintaining fairly uniform surface
temperatures.

One of the most important industrial applications of spray cool-
ing is quenching of aluminum alloy and steel parts. Quenching is
ll rights reserved.

: +1 765 494 0539.
awar).
the alloy’s microstructure in pursuit of superior mechanical prop-
erties. Heat-treating is comprises of three stages: solution heat-
treating, quenching and age-hardening [5,6]. Solution heat-treat-
ing involves heating the alloy close to the liquidus temperature
to enable the alloying elements to diffuse into the grains of the pri-
mary metal. This is followed by rapid quenching to retain the alloy-
ing elements in a supersaturated solid solution. Age hardening is
accomplished by reheating the alloy below solvus temperature
for a specified period, resulting in a fine dispersion of precipitates
within the grains of the primary metal. These fine precipitates pro-
duce an alloy with maximum hardness and maximum strength.

Implementation of quenching is by far the most critical and
challenging stage of heat-treating. A slow quench rate could result
in massive precipitation along the primary metal grain boundaries
rather that within the grains, producing a microstructure that can-
not be improved upon by age-hardening. Conversely, a very fast
quench rate might induce large variations in cooling rate between
thin versus thick sections of a complex-shaped part, resulting in se-
vere residual stresses. Both slow and non-uniform quenching are
commonly encountered with bath quenching, where no means
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Nomenclature

a half-length of major diameter of elliptical impact area
A area formed by projecting spherical surface A0 on sur-

face of cylinder
A
0

area of spherical surface bound by spray’s cone angle
and centered at spray orifice, and whose radius is equal
to distance from orifice-to-surface of cylinder

b half-length of minor diameter of elliptical impact area
CHF critical heat flux
cp specific heat at constant pressure
D diameter of solid alloy cylinder
do diameter of nozzle’s orifice
d32 Sauter mean diameter
h heat transfer coefficient
H distance from orifice-to-surface of cylinder
hfg latent heat of vaporization
k thermal conductivity
K nozzle’s flow coefficient
Nud32

Nusselt number based on d32, hd32/kf

DP pressure drop across spray nozzle
Pr Prandtl number
Q total volumetric flow rate of spray
Q00 local volumetric flux across surface
Q 00sp uniform volumetric flux along spherical surface bound

by spray’s cone angle and centered at spray nozzle’s ori-
fice, and whose radius is equal to distance form orifice-
to-surface of cylinder

q00 heat flux
q00m;p local (point-based) critical heat flux
r coordinate defined in Fig. 3
Redo

Reynolds number based on nozzle’s orifice diameter
Red32

Reynolds number based on d32, qfQ00d32/lf

T temperature

Tf spray liquid temperature
Ts surface temperature
Tsat saturation temperature
DT difference between surface and liquid temperatures,

Ts � Tf

DTsub subcooling of spray liquid, Tsat � Tf

Um mean droplet velocity
Wedo

Weber number based on nozzle’s orifice diameter
x coordinate defined in Fig. 3
z coordinate defined in Fig. 3

Greek symbols
b angle defined in Fig. 4
c angle defined in Fig. 4
h cone angle of spray
l viscosity
q density
r surface tension
u half-angle of unit cell as defined in Fig. 4

Subscripts
a ambient air
CHF critical heat flux
DFB departure from film boiling
f liquid
g vapor
MIN minimum heat flux (Leidenfrost point)
OSP onset of single-phase liquid cooling
s cylinder’s surface
sat saturation
sub subcooling
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are available to control local cooling rate for different regions of the
alloy surface. This is where spray cooling can play a very beneficial
role in the heat-treating industry, by providing localized control
over cooling rate through changes in any number of spray param-
eters, such as supply pressure or orifice-to-surface distance. Using
an arrangement of optimally configured sprays, a complex-shaped
alloy part may be cooled uniformly by impacting thick sections of
the part with dense sprays and thin sections with light [5,6].

However, accurate prediction of the quench curve (also called
temperature–time cooling curve) at every point in a three-dimen-
sional metal alloy part that is subjected to spray cooling is a very
illusive task, complicated by:

(1) Temporal changes in cooling regime occurring on the
sprayed surface during the quench, which are represented
by the various boiling regimes corresponding to the spray’s
boiling curve.

(2) Spatial variations in cooling rate within each boiling regime
resulting from non-uniform distributions of key spray
parameters (e.g., droplet diameter, volumetric flux) upon
impact with the part’s surface.

(3) Contribution of three-dimensional heat diffusion within the
part itself.

To simplify the discussion of these contributions, the effects of
the temporal changes and three-dimensional heat diffusion effects
are discussed first for the simple case of bath quenching to deter-
mine the relationship between the boiling curve and the quench
curve. The effects of spatial variations associated with spray
parameters are discussed afterwards.
1.1. Boiling curve and quench curve

Cooling rate of an object during bath quenching is non-uniform
and can be demarcated into distinct regimes on the basis of the
phenomena driving the cooling. These regimes are illustrated in
the boiling curve shown in Fig. 1(a). For metal heat-treating oper-
ations, quenching is initiated at an elevated temperature corre-
sponding to the film boiling regime, well in excess of the
saturation temperature for water. In this regime, a thin vapor layer
quickly encases the surface of the part, precluding any direct con-
tact with liquid. Heat from the surface is both conducted and radi-
ated across the vapor layer before evaporating the liquid. The large
thermal resistance of the vapor layer is responsible for very poor
heat transfer coefficients within the film boiling regime. It should
be noted that, in the case of spray quenching, the thin vapor layer
could form beneath individual droplets upon impact with the sur-
face. The minimum heat flux point (commonly referred to as the
Leidenfrost point) is very important for quenching since it marks
the temperature at which the insulating vapor layer begins to
break up, allowing partial wetting with liquid and, hence, im-
proved cooling rate, within the transition boiling regime. The en-
tire surface becomes available to liquid wetting after the critical
heat flux (CHF) point. In the ensuing nucleate boiling regime, very
high heat removal rates are achieved due to both vigorous boiling
and full liquid contact. Eventually, cooling rate decreases apprecia-
bly as the boiling completely subsides with the surface entering
the final single-phase cooling regime.

One way to introduce the quench curve is to consider a small
metal part that satisfies the criterion of very small Biot number
(i.e., maintains isothermal behavior) during every boiling regime.



Fig. 1. (a) Boiling curve and (b) corresponding quench curve.
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Equating the rate of thermal storage to the heat removal rate as the
part encounters the succession of boiling regimes depicted in
Fig. 1(a) yields a quench curve of the shape shown in Fig. 1(b).
The quench curve clearly captures the cooling rates associated
with the individual regimes: slow for film boiling, faster for transi-
tion boiling following the Leidenfrost point, fastest for nucleate
boiling, and slow again for single-phase cooling. However, there
is a fundamental difference between the boiling curve and quench
curve. For a given coolant and metal, the boiling curve is a surface
phenomenon and, therefore, independent of thermal mass of the
part. On the other hand, the quench curve is highly dependent
on thermal mass and, unlike the example just discussed, will vary
spatially within large objects.

1.2. Spray parameters and their spatial distributions

The first step to understanding spray quenching is to examine
the key spray parameters that have been identified in prior studies
as influencing cooling performance in one or more of the spray
boiling regimes. The three parameters reported as having the most
significant influence are volumetric flux, Q00, Sauter mean diameter,
d32, and mean droplet velocity, Um [1,2,5–8]. Perhaps the most
important of all spray parameters, volumetric flux is the amount
of spray liquid impinging upon the surface per unit area per unit
time, and has the units of velocity. Sauter mean diameter (SMD)
is defined as the diameter of a drop having the same volume to sur-
face area ratio as the spray, and is measured with the aid of any
number of optical spray diagnostic instruments.
One of the most challenging tasks in predicting the quench
curve for metallic parts that are subjected to spray cooling is accu-
rate accounting for the spatial distributions of the spray parame-
ters. For plain-orifice pressure sprays, a finite albeit short
distance is required downstream of the orifice for the droplet
breakup process to develop and the orifice-to-surface distance is
always maintained greater than this distance to achieve reliable
and predictable cooling behavior. Downstream from the droplet
breakup region, both d32 and Um are fairly constant both along
the spray axis and away from the axis for orifice-to-surface dis-
tances of practical interest. However, Q00 decreases appreciably
along the spray axis away from the orifice; it also decreases away
from the axis. Because of the strong dependence of cooling rate on
Q00 in several boiling regimes, these spatial variations must be
taken into consideration when configuring a spray quenching sys-
tem. These spatial variations have been modeled analytically for a
spray impacting a flat surface [9]. This model was combined with
correlations based on the spray parameters to accurately predict
spray cooling behavior corresponding to nucleate boiling and CHF
[10,11].

1.3. Quenching of alloy cylinders

In the course of aluminum alloy and steel production, the solid-
ified alloy blanks are either forged or extruded, commonly into
rounds (cylindrical rods) requiring heat treatment. Studies
addressing the influence of spray quenching on rods are quite
sparse. Hodgson et al. [12] experimentally studied cross-flow of



Fig. 3. Unit cell modeled in present study.
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water–air spray across a brass cylinder at different flow rates.
Droplet evaporation was purposely suppressed prior to surface im-
pact by eliminating the water–air temperature difference, preserv-
ing the two-component nature of the spray. They found that the
side of the cylinder’s surface directly impacted by the spray
achieved better cooling, and the cooling rate increased with li-
quid-to-air mass flow ratio. Albright [13] devised a controlled envi-
ronment wind tunnel that exposed the curved surface of a 5.08 cm
diameter solid steel cylinder at 95 �C to a water–air spray. They
concluded that spray cooling is substantially more efficient than
bath cooling. Heat transfer increased drastically by increasing the
spray flow rate as well as with optimal orientation of the cylinder
surface relative to the spray. Buckingham and Haji-Sheikh [14]
experimentally investigated the quenching of a 316 stainless steel
cylinder from 1000 �C by a single water–air spray that the encom-
passed the entire cylinder. Like Hodgson et al. and Albright, they
showed that the projected surface area normal to the spray axis
and directly impacted by the spray achieved superior cooling,
and overall cooling effectiveness increased with increasing mass
flow rate of water.

Other investigators have also examined water–air spray cooling
of rods and tube bundles (heat exchangers) at different orienta-
tions using a variety of coolants such as R-141b, R-134a, R-123
and water [14–20]. These studies were prompted by the need for
analysis of evaporation and de-humidification effects across cylin-
drical evaporators in refrigeration systems.
1.4. Objectives of study

Overall, the findings of Hodgson et al., Albright, and Bucking-
ham and Haji-Sheikh emphasize the need for (1) determining the
spatial variations of spray liquid impact on cylindrical surfaces,
(2) predicting the influence of the spatial variations of spray cool-
ing rate, and more importantly, (3) developing a strategy for imple-
menting spray cooling in the quenching of metal alloy rods in an
optimal and predictable manner as a substitute for conventional
bath quenching. These are precisely the objectives of the present
study.
2. Spray cooling system and unit cell

Shown in Fig. 2, the system considered in this study consists of a
solid metal alloy cylinder that is subjected to an array of identical
plain-orifice pressure sprays. Maximum surface exposure to the
liquid is achieved by arranging the sprays circumferentially as well
as longitudinally such that their impact areas on the cylindrical
surface are tangent to one another and do not overlap. Another
Fig. 2. Spray nozzle configuration for que
advantage of this configuration is the ease of determining spray
nozzle layout in a heat-treating plant.

Fig. 3 shows a representative unit cell of the system, consisting
of an extruded sector of the cylinder subjected to a single spray.
Cooling is achieved within the spray impact area, outside of which
the cooling is assumed comparatively negligible. All other surfaces
of the unit cell can be assumed perfectly insulated due to
symmetry.

In the present study, a cylinder of diameter D = 0.5 m and full-
cone plain-orifice spray nozzles with a cone angle of h = 45� are
examined, and the nozzle pressure, DP, and the orifice-to-surface
distance, H, are both varied. Materials considered in the analysis
are aluminum 2024 and steel (ASTM A322). The spray fluid is
water, which is supplied at Tf = 23 �C, and the cylinder cell is
assumed initially at a uniform temperature of 427 �C. The charac-
teristics of the water spray nozzles (at 23 �C) and properties of
two alloys are given in Tables 1 and 2, respectively.
3. Volumetric flux distribution model for cylindrical surface

As indicated earlier, volumetric flux is the spray parameter
most commonly cited as influencing spray cooling rate. This is also
the spray parameter that exhibits the strongest spatial variation.
Hence, accurate prediction of quench behavior for alloy cylinders
nching of solid metal alloy cylinder.



Table 1
Characteristics of spray nozzle examined in present study.

Spray angle h (�) 45
Nozzle orifice diameter do(m) 0.0028
Nozzle flow coefficient K � 10�13 (kg/m3) 1.7
Total flow rate Q � 106 (m3/s m2) DP = 552 kPa 180

DP = 276 kPa 127
DP = 138 kPa 90

Sauter mean diameter d32 � 106(m) DP = 552 kPa 89.5
DP = 276 kPa 117
DP = 138 kPa 153

Mean drop velocity Um (m/s) DP = 552 kPa 20.5
DP = 276 kPa 15.3
DP = 138 kPa 12.1

Table 2
Properties of aluminum alloy and steel.

Al-2024 [21] ASTM A322 [22]

Density (kg/m3) 2770 7872
Thermal conductivity (W/m K) T = 293 K 178 T8373 K 44.6

T = 366 K 185 T = 473 K 43.4
T = 477 K 190 T = 673 K 37.7
T = 589 K 187 T = 873 K 31.3
T = 700 K 173

Specific heat (J/kg K) T = 293 K 850 T = 373 K 452
T = 366 K 908 T = 473 K 473
T = 477 K 967 T = 673 K 519
T = 589 K 1026 T = 873 K 561
T = 700 K 1130

Fig. 4. Spray model relative to unit cell.
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requires a model for the distribution of volumetric flux on a cylin-
drical surface.

Mudawar and Estes [9] derived an analytical expression for vol-
umetric flux distribution over a flat surface, where the spray im-
pact area of a full-cone spray is circular. They assumed that the
total spray flow rate, Q, is uniformly distributed over any spherical
surface centered at the spray orifice and bound by the spray cone
angle, h. It is evident from Fig. 3 that the curved surface of a cylin-
der distorts the spray impact area compared to a flat surface. Par-
allel to the axis of the cylinder, the extent of the spray’s impact
area is identical to that of a flat surface. However, the extent of
the impact area is longer along the curved surface since the spray
travels a greater distance to reach the surface.

As shown in Fig. 4, the differential area, dA’, of a spherical sur-
face of radius H, equal to the distance between the orifice and
the cylinder’s surface, is given by

dA0 ¼ 2pH2 sin cdc: ð1Þ

Using the same point-source depiction of the spray offered by
Mudawar and Estes, a uniform volumetric flux over the spherical
surface is defined as

Q 00sp ¼
Q

2pH2½1� cosðh=2Þ�
: ð2Þ

The oval passing through point S on the surface in Fig. 4 has the area

A ¼ p ðH tan cÞ D
2

sin b

� �� �
: ð3Þ

The projection of dA0 on the cylinder’s surface is another differential
area, dA, which can be obtained by differentiating Eq. (3).

dA ¼ 2pH2 sin c
D

4H

� �
cos b
cos c

tan b
sin c cos c

þ db
dc

� �� �
dc: ð4Þ

Applying the sine rule to triangle NOS in Fig. 4,
H þ D=2
sinfp� ðbþ cÞg ¼

D=2
sin c

ð5Þ

which yields

b ¼ sin�1 2H
D
þ 1

� �
sin c

� �
� c: ð6Þ

Differentiating Eq. (6) yields

db
dc
¼ 2H

D
þ 1

� �
cos c

cos b cos c� sin b sin c
� 1: ð7Þ

Combining Eqs. (6) and (7) with Eq. (4) gives

dA ¼ 2pH2 sin c
cos3 c

D
4H

sin b cot c� cos b cos2 c
��

þ cos2 c
2H

Dþ 1

� �
1

1� tan b tan c

��
dc: ð8Þ
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The spray volumetric flux along the curved impact surface can be
obtained by combining Eqs. (1), (2) and (8).

Q 00 ¼ Q 00sp
dA0

dA
¼ Q

2pH2½1� cosðh=2Þ�
cos3 c

D
4H

sin b cot cf
�

� cos b cos2 cþ cos2 c
2H
D
þ 1

� �
1

1� tan b tan c

���1

: ð9Þ

Fig. 4 shows that the half-angle of the cylinder’s unit cell is related
to the spray’s cone angle by the relation (obtained using sine rule)

u ¼ sin�1 2H
D
þ 1

� �
sinðh=2Þ

� �
� h=2; ð10Þ

and outer edge of the spray’s impact area is an ellipse whose major
and minor diameters are given, respectively, by

2a ¼ D sinu ð11Þ

and

2b ¼ 2H tanðh=2Þ: ð12Þ

The mean volumetric flux across an equivalent flat impact area
(not true curved impact area) is given by and

Q 00 ¼ Q
pab

¼ Q
p H tanðh=2Þf g D

2 sinu
� 	 : ð13Þ

Applying the above expression r = Htanc (from Fig. 4) simplifies Eq.
(9) to

Q 00

Q 00
¼ tanðh=2Þ sinu

1� cosðh=2Þ

� �
1

1þ r
H


 �2
n o3=2

� sin b
r
H


 � � cos b

1þ r
H


 �2 þ
1

1þ r
H


 �2

2H
D
þ 1

� �
1

1� r
H


 �
tan b

#( )�1

;

ð14Þ

where
Fig. 5. Volumetric flux distributions for H = 0.305 m with (a) DP = 552 k
b ¼ sin�1 2H
D
þ 1

� � r
H


 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ r

H


 �2
q

8><
>:

9>=
>;� tan�1 r

H

 �
: ð15Þ

Fig. 5(a)–(c) show the volumetric distribution along the curved
impact surface of the cylinder for different values of nozzle pres-
sure drop, DP. A common trend among all three conditions is a
rather flat Q00 profile near the spray axis, with a maximum at
r = 0, decreasing by only 7–8% at r = 0.4b compared to 40–50% at
r = b. The peak value of Q00 at r = 0 increases with increasing DP be-
cause the total spray flow rate, Q, also increases with increasing
DP. Figs. 5(a) and 6(a)–(b) show the peak value at r = 0 also in-
creases with decreasing orifice-to-surface distance, H. This trend
is readily apparent from Eq. (2), which shows that smaller dis-
tances concentrate more of the spray over a given impact area.
The same figures show the impact area decreasing with decreasing
H. However, the total spray rate, Q, reaching the surface is un-
changed because DP is the same for all three cases. The nozzle
height values (268 mm, 305 mm and 354 mm) selected in these
plots ensure that the entire circumference of the cylinder is im-
pacted by a fixed number of sprays, 6, 5 and 4, respectively.
4. Spray boiling curves

Correlations describing the relationship between local heat flux
and surface temperature during spray cooling have been developed
for all boiling regimes at the Purdue University Boiling and two-
phase flow laboratory since the late 1980s [5–7,9–11,21,23,24]
and are summarized in Table 3. The spray heat transfer correla-
tions are dependent on the spray’s local volumetric flux, Q00, mean
droplet diameter, d32, mean droplet velocity, Um, and liquid proper-
ties. Aside from the boiling regimes and transition points indicated
in Fig. 1(a) and (b), Table 3 includes a ‘film wetting’ regime, a re-
gion incurring slight collapse of the vapor layer that occurs to-
wards the lower temperature range of film boiling regime and
extends to the minimum heat flux point. This regime is accounted
for in the form of a cubic expression that ensures a continuous and
differentiable boiling curve at this regime’s transition points [24].
Pa (80 psi), (b) DP = 276 kPa (40 psi), and (c) DP = 138 kPa (20 psi).



Fig. 6. Volumetric flux distributions for DP = 552 kPa (80 psi) with (a) H = 0.354 m and (b) H = 0.268 m.

Table 3
Spray quenching heat transfer correlations.

Boiling regime
or Transition
point

Correlation

Single phase
[7,10]:

TOSP ¼ 13:43Re0:167
32 Pr0:123

f
kf

d32

 �0:22
þ Tf

Nud32
¼ 4:7Re0:61

d32
Pr0:32

f

Nucleate
boiling [10]:

q00d32
lf hfg

¼ 0:00479 cp;f ðTs�Tf Þ
hfg

n o5:75 qf

qg

 �2:5 qf Q 002d32

r

� �0:35

Critical heat
flux [10]:

q00m;p
qg hfg Q 00 ¼ 2:3 qf

qg

 �0:3 qf Q 002d32

r

� ��0:35

1þ 0:0019 qf cp;f DTsub

qg hfg

 �
Transition

boiling [23]:
q00 ¼ q00CHF �

q00CHF�q00MIN

ðDTCHF�DTMIN Þ3
DT3

CHF

h
� 3DT2

CHFDTMINþ

6DTCHFDTMINDT � 3ðDTCHF þ DTMINÞDT2 þ 2DT3
i

Minimum heat
flux [23]:

q00MIN ¼ 3:324� 106Q 000:544U0:324
m

DTMIN ¼ 2:049� 102Q 000:066U0:138
m d�0:035

32

Film wetting
[24]:

q00 ¼ q00MIN þ
q00DFB�q00MIN

ðDTDFB�DTMIN Þ3
ð3DTDFB � DTMINÞ½ DT2

MIN�
6DTDFBDTMINDT þ 3ðDTDFB þ DTMINÞDT2 � 2DT3�þ
@q00

@DT

���
DFB

1
ðDTDFB�DTMIN Þ2

�DTDFBDT2
MINþ

h
þð2DTDFB þ DTMINÞDTMINDT � ðDTDFB þ 2DTMINÞDT2 þ DT3

i
@q00

@DT jDFB ¼ 1:164� 104Q 000:397U0:0995
m d�0:0366

32

q00DFB ¼ 6:1� 106Q 000:589U0:244
m

DTDFB ¼ 886:2Q 000:192U0:144
m d0:0367

32

Film boiling
[23]

q00 ¼ 63:25DT1:691Q 000:264d�0:062
32

Units: q
00

[W m�2], DT = Ts–Tf [�C], Q00 [m3 s�1 m�2], Um [m s�1], d32 [m], h
[W m�2 K�1], qf [kg m�3], hfg [J kg�1], cpf [J kg�1 K�1], kf [W m�1 K�1], lf [N s m�2], r
[N m�1] (Ts + Tf)/2 is used in single-phase regime and saturation temperature in
other regimes to evaluate fluid properties.
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Notice that when applying the CHF relation given in Table 3, CHF is
assumed to occur first along the outer rim of the spray impact area
along the major axis, where Q00 is lowest.

The mean droplet diameter is determined from the nozzle pres-
sure drop, DP, and orifice diameter, do, based on the following cor-
relation for full-cone spray nozzles [11],

d32

do
¼ 3:67 We1=2

d0
Redo

h i�0:259
: ð16Þ

In Eq. (16), the Weber and Reynolds numbers are defined as

Wedo ¼
qa 2DP=qf

 �
d0

r
ð17Þ

and

Redo ¼
qf 2DP=qf

 �1=2
d0

lf
: ð18Þ

The nozzle data from Table 1 were used in Eqs. (14) and (16) to
determine Q00 and d32, respectively, which when inserted into the
correlations given in Table 3, yield local transient relations
between the spray cooling heat flux and wall temperature for each
of the boiling regimes. The mean velocity data required by the cor-
relations are also given in Table 1. The transient relations are used
to develop boiling curves for different spray conditions.

Fig. 7 indicates different reference points (P1–P4) along the
curved surface exposed to the spray away from the spray axis,
which are used to illustrate the spatial distribution of the spray’s
boiling curves, as well as other points both within the same plane
(P5–P7) and along the axis but internal to the cylinder (P8–P12)
that are used later to examine the effects of heat diffusion on de-
layed thermal response to the spray in the form of quench curves
for these points.

Fig. 8(a)–(c) show the boiling curves for different values of noz-
zle pressure drop, DP, orifice-to-surface distance, H, and distances
from the spray axis across the spray impact surface, respectively.
Increasing DP or decreasing H is shown shifting all boiling regimes
as well as transition points between the different regimes (except-
ing temperature TCHF corresponding to the CHF point) at the center
of the spray to higher surface temperatures, indicating faster over-
all cooling rates. The opposite trend is evident in Fig. 8(c) for points
farther away from the spray axis. These trends can be explained
mostly by the increased Q00 achieved by increasing DP, decreasing
H, or decreasing distance from the spray axis as shown earlier in
Figs. 5(a)–(c) and 6(a)–(b). As indicated in Table 3, increasing Q00 in-
creases both q00MINand DTMIN, hastening the onset of transition
boiling.

It should be emphasized that, as indicated in the previous sec-
tion, decreasing H for a fixed DP, amounts to using more spray noz-
zles circumferentially, which, in turn, increases the total flow rate
of spray liquid per surface area of the cylinder.
5. Quench curve results and discussion

Because of symmetry, half the unit cell shown in Fig. 3 is consid-
ered for transient analysis using ANSYS, which is employed in this
study because of its prevalence in the heat-treating industry. This
ANSYS analysis is comprised of three stages: pre-processing, solu-
tion and post-processing. In the pre-processing stage, all inputs re-
quired for analysis are supplied to the system. This includes the
model dimensions, material properties and boundary conditions.
The boundary conditions in this case are the spray correlations
provided in Table 3, as well as insulation outside of the spray
impact area and on all four inner surfaces. The solution stage is
executed internally by ANSYS as per the criteria set by the user,
such as convergence requirements and solution methodology.
However, the transient nature of the analysis requires a macro
written in ANSYS Parametric Design Language (ADPL). This macro
repeatedly uses the nodal temperature output at every sub-step
as an input to update and apply the spray heat flux on the sprayed
surface. The post-processing stage is the output stage, where the



Fig. 7. Locations across outer surface and along central axis of unit cell examined in computational model.

Fig. 8. Variations of spray boiling curve with (a) DP for H = 0.305 m along spray axis, (b) H for DP = 552 kPa (80 psi) along spray axis, and (c) surface location away from spray
axis for DP = 552 kPa (80 psi) and H = 0.305 m.
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user may view plots or read lines of output results. Although steel
quenching is typically achieved at much higher initial tempera-
tures, the same isothermal initial condition of 427 �C is applied
to the entire unit cell for both aluminum alloy and steel based on
typical operating conditions for aluminum alloys, and to facilitate
direct assessment of material property effects on the quench curve
by comparing results for the two alloys. The analysis is terminated
when the surface reaches nearly room temperature (25 �C) and the
cooling effects are felt at the axis of the cylinder.

Figs. 5(a)–(c) and 6(a)–(b) were used to identify critical loca-
tions on the cylinder’s surface having discernable variations in vol-
umetric flux. Fig. 7 shows these and other locations along the axis
but within the cylinder that were chosen to develop a general
understanding of cooling trends for the entire unit cell.

Figs. 9(a)–(c) and 10(a)–(b) show quench curves for the alumi-
num alloy cylinder corresponding to all the points indicated in
Fig. 7 and different values of nozzle pressure drop, DP, and ori-
fice-to-surface distance, H, respectively. Similarly, Figs. 11(a)–(c)
and 12(a)–(b) show quench curves for steel for different values
of DP and H, respectively. Notice in all these plots that points
P1–P6 are directly exposed to the spray, while the quench curves
for P7–P12 are delayed by heat diffusion effects. This results in dif-
ferent slopes between the two clusters of points, with the first clus-
ter having conventional spray quench curves and the second
cluster undergoing more gradual and slower cooling.

Overall, comparing quench curves from Figs. 9(a)–(c) and
10(a)–(b) for aluminum, to those from Figs. 11(a)–(c) and 12(a)–
(b) for steel for identical DP and H values shows that the locations
Fig. 9. Spray quench curves for aluminum with H = 0.305 m and (a) DP = 5
exposed to the spray (P1–P6) cool much faster for steel than for
aluminum. Conversely, steel exhibits extremely slow cooling rates
at the inner locations (P7–P12) compared to aluminum. These
trends can be explained by comparing the thermal diffusivities of
the two alloys, 8.07 � 10�5 m2/s for aluminum compared to
1.25 � 10�5 m2/s for steel. With its significantly higher diffusivity,
the aluminum surface transmits the cooling effect more rapidly
from the surface through the unit cell, which reduces cooling rate
at the surface and increases it inside the cell compared to steel. On
the other hand, relatively poor diffusivity concentrates the cooling
effect near the surface for steel, resulting in faster surface cooling
rates at the surface, and delays the response within the cell.

These effects can be better understood by contrasting thermal
gradients in the z-direction for the two alloys. Fig. 13 clearly shows
how, 20 s into the quench, the maximum surface gradient for steel
is over 12 times greater than for aluminum. Also shown is that the
gradient in steel drops to about 4.4% of the maximum surface value
within a much shorter distance from the surface compared to the
same percentage drop for aluminum.

Figs. 9(a)–(c), and 9(a), 10(a)–(b) highlight the effects of DP and
H, respectively, on the quench curve for aluminum. Similar trends
are reflected in Figs. 11(a)–(c), and 11(a), 12(a)–(b) for the effects
DP and H, respectively, for steel. These curves confirm the trends
discussed earlier in conjunction with the boiling curves for the
two alloys, that increasing DP or decreasing H hasten the onset
of transition boiling and rapid cooling rates. Another interesting
observation is that, for all surface locations that are directly
impacted by the spray, the transition from film boiling to the
52 kPa (80 psi), (b) DP = 276 kPa (40 psi) and (c) DP = 138 kPa (20 psi).



Fig. 10. Spray quench curves for aluminum with DP8552 kPa (80 psi) and (a) H = 0.354 m and (b) H = 0.268 m.

Fig. 11. Spray quench curves for steel with H = 0.305 m and (a) DP = 552 kPa (80 psi), (b) DP = 276 kPa (40 psi) and (c) DP = 138 kPa (20 psi).
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single-phase regime takes place within about the same duration
(�7 s for aluminum and �4 s for steel) regardless of the operating
conditions examined.

Fig. 14(a)–(f) show surface and near-surface temperature con-
tour plots for aluminum for a specific set of nozzle conditions to
illustrate the significance of boiling regime transitions. These plots
show that, at any given time, different surface locations can under-
go different boiling regimes, which can produce large surface tem-
perature gradients during the quench. Two spatial features
common to all the contour plots are a temperature minimum at
the spray axis, and nearly elliptic bands of transition to higher tem-
peratures towards the periphery of the spray impact area.

These results highlight several advantages associated with the
application of sprays for quenching of solid cylinders as compared



Fig. 12. Spray quench curves for steel with DP = 552 kPa (80 psi) and (a) H = 0.354 m and (b) H = 0.268 m.

Fig. 13. Temperature gradients in unit cell 20 s into the quench for (a) aluminum and (b) steel.
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with bath quenching. First, it is possible to achieve a wide range of
quench rates by adjusting the nozzle height and supply pressure.
By controlling those same parameters, it is possible to hasten the
onset of transition boiling, which greatly enhances overall quench
rate. Second, spray cooling provides high heat removal rates and
therefore fast quench rates. Third, optimal configuration of a spray
cooling system ensures both uniform and predictable quench
behavior. Fourth, a better understanding of spray cooling behavior,
with the aid of both the volumetric distribution model derived in
this study and the coupling between this model and the boiling
curve correlations for sprays, provides an accurate means for pre-
dicting surface temperature gradients and thermal stresses in the
quenched part to guard against such part defects as stress cracks
and distortions. Fifth, and most importantly, accurate spray quench
curves can be combined with the alloy’s temperature–time-trans-
formation curve (also called the C-curve [25]) using the quench-fac-
tor technique [26] to accurately predict the hardness or strength of
the metal alloy part [26–29]. A detailed discussion of how the
quench curve can be combined with the C -curve using the
quench-factor technique to determine these properties is provided
in [5,6].
6. Conclusions

This study examined the quenching a solid alloy cylinder using
full-cone pressure sprays. A new analytical model was derived to
determine the shape and size of the spray impact zone as well as
the distribution of volumetric flux across the curved surface of
the cylinder. This distribution was combined with heat transfer
correlations for all boiling regimes and transition points associated
with spray cooling to generate a local boiling curve for every loca-
tion across the impact surface. Using these boiling curves as
boundary conditions, a transient analysis was carried out for alu-
minum alloy and steel cylinders subject to different values of spray
nozzle pressure drop and orifice-to-surface distance. Important
findings from the study are as follows:



Fig. 14. Temperature contour plots in aluminum unit cell during spray quench with DP = 138 kPa (20 psi) and H 80.354 m corresponding to times when surface at spray axis
is (a) in film boiling, (b) at Leidenfrost point, (c) in transition boiling, (d) at critical heat flux point, (e) in nucleate boiling, and (f) in single-phase liquid cooling regime.
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1. The spray impact zone on the surface of the cylinder is elliptical
in shape. The size of this zone can be increased by increasing
the orifice-to-surface distance, requiring fewer nozzles to
quench cylinder’s circumference.

2. Volumetric flux increases with increasing nozzle pressure drop
or decreasing orifice-to-surface distance. The volumetric flux is
highest at the nozzle axis, and decreases towards the outer
periphery of the impact zone.

3. Increasing the nozzle pressure drop or decreasing the orifice-to-
surface distance causes the transitions to the lower tempera-
ture boiling regimes to occur at higher surface temperatures.

4. Points across the sprayed surface are characterized by fairly
conventional spray quench curves, while points deeper within
the cylinder display more gradual and slower cooling due to
delays caused by heat diffusions effects.

5. Relatively high thermal diffusivity caused faster transmission of
the spray cooling effect and milder temperature gradients in the
aluminum alloy cylinder compared to steel. This also causes the
outer surface to cool earlier but deeper points much slower for
the steel cylinder.

6. Increasing the nozzle pressure drop or decreasing the orifice-to-
surface distance hasten the exit from the poor film boiling
regime to the more efficient transition boiling regime, resulting
in a quicker quench.

7. During the quench, large thermal gradients occur momentarily
on the surface because of different boiling regimes occurring at
different locations exposed to the spray. The surface tempera-
ture is lowest at the spray axis, and is characterized by elliptical
contours that demarcate transitions to higher temperatures
towards the outer periphery of the spray zone.

8. The findings of this study highlight several practical advantages
associated with the application of sprays for quenching of solid
cylinders as compared with bath quenching. These include the
ability to achieve a wide range of fast quench rates, uniformity
and predictability of quench rate when implemented with an
optimal spray configuration, ability to predict and guard against
imperfections caused by thermal stresses, and the ability to pre-
dict detailed spatial distributions of mechanical properties such
as hardness and strength.
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