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phase liquid cooling and nucleate boiling regimes, as well as critical heat flux (CHF). The present part
is focused on the relatively high-temperature transition boiling and film boiling regimes, and the
Leidenfrost point. Discussed are dominant mechanisms, data trends, and predictive correlations and
models. This information is especially important to the quenching of metal alloy parts from high initial
temperature during heat treating. It is shown how correlations for the different spray cooling regimes
Transition boiling and transition points can be implemented into boundary conditions for heat diffusion models to predict
Film boiling the temperature-time (quench) curve everywhere within the quenched part. It is also shown how the
Leidenfrost point quench curve can be combined with the alloy’s transformation kinetics to predict mechanical properties.
Quenching By properly configuring the sprays used to quench complex-shaped parts, it is also possible to greatly
enhance the mechanical properties while minimizing residual stresses.
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Nomenclature

A area defined along heated surface

A area defined along spherical surface centered at nozzle
orifice

G empirical coefficient

Cp specific heat at constant pressure

G critical time during quench

D diameter of cylinder; inner diameter of tube

d droplet diameter

dsg volume mean droplet diameter

d3, Sauter mean droplet diameter

G mass flux

H nozzle-to-surface distance; hardness

hge latent heat of vaporization

ki constants in critical time relations

N* droplet number density

n; number of droplets with diameter d; in sample

Nu Nusselt number

P pressure

AP pressure rise

Pr Prandtl number

Q volumetric flow rate

Q’ local volumetric flux

q" surface heat flux

Q” mean volumetric flux on surface

Q"gense  Volumetric flux corresponding to dense spray

R universal gas constant

r r coordinate

Re Reynolds number

T temperature

t time

ATcyr  surface-to-fluid temperature difference at CHEF,

Tw,cur — T
AT, Ty-T;

ATy surface superheat, T,, — Tsqr

ATsup liquid subcooling, Tsq: — Tf

T,, dimensionless surface temperature
u droplet velocity

U, mean droplet velocity

Usouna  Speed of sound in liquid

We Weber number

X x coordinate

Xi number of droplets with diameter d;
z z coordinate

Greek symbols

B angle in volumetric flux model
Y angle in volumetric flux model
n evaporation efficiency

0 spray angle

u viscosity

p density

g surface tension; yield strength
T quench factor

1) half-angle of unit cell
Subscripts

CHF critical heat flux

dense dense spray

DFM departure from film boiling
f liquid

FW film wetting regime

g vapor

L Leidenfrost temperature
max maximum

MIN minimum or Leidenfrost point
min minimum

NB nucleate boiling

S spray

sat saturation

sd single droplet

ss single droplet stream

sub subcooling

B transition boiling

w surface
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1. Introduction
1.1. Spray cooling applications

1.1.1. Relatively high-flux, low temperature, steady-state cooling
applications

As discussed in Part I of this study [1], there are two main types
of applications of spray cooling. The first involves maintaining
acceptable temperatures of heat-flux-controlled devices found in
computers and data centers, X-ray medical devices, hybrid vehicle
power electronics, heat exchangers for hydrogen storage, fusion
reactor blankets, particle accelerator targets, magnetohydrody-
namic (MHD) electrode walls, rocket nozzles, satellite and space-
craft electronics, laser and microwave directed energy weapons,

advanced radars, turbine engines, and air-fuel heat exchangers in
high-Mach aircraft [2]. Spray cooling in these applications is main-
tained mostly in the nucleate boiling regime safely below the crit-
ical heat flux (CHF) limit. The cooling is achieved in an
appropriately configured spray chamber, which is incorporated
into a closed two-phase flow loop. And, while both pressure and
air-assist spray nozzles can tackle large heat loads, pressure noz-
zles are favored in most of these high-flux applications. These pres-
sure nozzles employ only the momentum of the working liquid to
achieve the droplet breakup, whereas air-assist nozzles require a
secondary air stream to promote the breakup. Mixing air into the
primary coolant greatly complicates flow loop operation, requiring
specialized air separation equipment, and compromising both
reliability and repeatability of cooling within the spray chamber.
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Additionally, the cooling performance of air-assist nozzles is highly
nozzle specific, especially in terms of spatial distribution of volu-
metric flux on the heated surface.

1.1.2. Relatively high temperature and transient cooling applications

A second type of applications is associated mostly with quench-
ing of metal alloy parts from very high temperatures, often within
the film boiling regime, in order to achieve optimal alloy
microstructure and superior mechanical properties. Here, the tem-
perature of alloy part is dropped rapidly to near room temperature,
traversing the film, transition, nucleate boiling, and single-phase
liquid cooling regimes.

As discussed in Part I [1], heat transfer performance of a spray
can be described with aid of the boiling curve and/or the quench
curve [3], which are shown in Fig. 4(a) and (b), respectively. The
boiling curve is a representation of the variation of surface heat
flux with surface superheat (surface temperature minus liquid sat-
uration temperature), or surface-to-liquid temperature difference.
A key advantage of the boiling curve is its effectiveness at display-
ing both the heat flux and wall temperature ranges associated with
the different heat transfer regimes.

On the other hand, the quench curve, Fig. 4(b) in Part I, is a more
effective representation of transient cooling behavior. Unlike the
boiling curve, which is a measure of only surface effects, the quench
curve is also highly influenced by thermal mass of the quenched
part. The quench curve captures cooling rate variations in the form
of substantial slope changes. The quench is initiated with slow cool-
ing in the film boiling regime down to the Leidenfrost point, below
which the cooling rate increases in the transition boiling regime,
and reaches maximum in the nucleate boiling regime, before ulti-
mately subsiding in the single-phase regime. The quench curve
highlights the importance of the Leidenfrost point to materials pro-
cessing applications since it marks the sharp transition from very
slow cooling within the film boiling regime to much faster cooling
in the transition boiling regime. As discussed latter in this paper,
these changes in cooling rate, and the corresponding temperature
ranges, have profound influences on microstructure and mechani-
cal properties of a quenched metal alloy part.

1.2. Key spray parameters

As discussed in part I of this study [1], aside from thermophys-
ical properties of the working fluid, key parameters that are used to
correlate spray heat transfer data include: liquid initial tempera-
ture, Ty, liquid saturation temperature, Ty, surface temperature,
Ty, surface-to-fluid temperature difference, ATy (=T, — Tj), surface
superheat, ATy (=Tw — Tsq), liquid subcooling ATy, (=Tsq: — Tj),
mass flux, G, local volumetric flux, Q”, mean volumetric flux, Q”,
Sauter mean droplet diameter, ds,, and mean droplet velocity,
u,. Others include spray Reynolds number, Re, and Weber number,
We, which are each defined in two different ways. Using mean vol-
umetric flux as characteristic velocity, they are defined as

_//d
Re, — P1L %2 (1a)
Ky
and
_//2d
We, = P12 (1b)
o
And by replacing Q”with u,, they are defined as
Upd
Re, — Prim®2 (2a)
Hy
and
uzd
O e o2 (2b)

1.3. Objectives of present review

This second part of a two-part review addresses the higher
temperature spray cooling regimes, transition boiling and film
boiling, as well as the Leidenfrost point, for pressure spray noz-
zles. The other lower temperature regimes, single-phase liquid
cooling and nucleate boiling, and the CHF point, were discussed
in detail in Part I [1]. The second objective of the present part is
to address transient response of metal alloy parts as they are
quenched from an initial high temperature down to room tem-
perature. This part will also address the relationship between
cooling rate and ultimate hardness and strength of the quenched
part. These findings will be used to demonstrate the effective-
ness of combining spray heat transfer correlations, volumetric
flux distribution models, and metallurgical transformation theory
to optimize the quenching of complex-shaped metal alloy parts
in pursuit of both fast and uniform cooling, and superior
mechanical properties.

2. Transition boiling
2.1. Heat transfer mechanisms

The transition boiling regime has historically received the least
attention by investigators compared to all other spray cooling
regimes. While transition boiling is known to consist of intermit-
tent liquid contact with the surface and surface dryout, quantifying
the ensuing transient heat transfer behavior is quite illusive. This
regime is also difficult to measure using conventional steady-
state heat-flux-controlled techniques. Additionally, development
of an oxide layer on the surface has been reported to greatly influ-
ence heat transfer in this regime [4].

Both Toda [5] and Monde [6] found that the heat transfer coef-
ficient increases with increasing spray volumetric flux. And Pais
et al. [7] suggested that heat transfer can be enhanced by minimiz-
ing droplet size, maximizing droplet concentration, and using dro-
plet velocities that minimize droplet rebound from the surface.
Choi and Yao [8] reported that transition boiling performance for
horizontal sprays is superior to that for vertical sprays, which is
opposite to that in the film boiling regime.

Cui et al. [9] conducted experiments to investigate the influence
of soluble salts on the water spray heat transfer in the transition
boiling regime. Heat transfer performance was shown to be insen-
sitive to the addition of NaCl or Na,SO,4 but to improve with
MgS0,4 because of increased roughness caused by adherence of
MgSO, particles to the surface. Qiao and Chandra [10] noted that
adding surfactant to the spray liquid slightly compromises heat
transfer effectiveness during transition boiling because of suppres-
sion of heterogeneous bubble nucleation caused by a reduction in
the liquid-solid contact angle.

2.2. Models and correlations

Mudawar and Valentine [11] noted a significant dependence of
transition boiling data on the ratio u,,,/Q”, and correlated heat flux
in the transition boiling regime, q”r, to the critical heat flux,
q"cur, and surface-to-fluid temperature difference at CHF, ATcyr
(= Tw,cur — Tp),

—1.255 3
qrp 5 (Un ATf >:|
lo — 478 x10° (4 log,o -2t
B0 (qZHF) ) <Q > { B0 (ATCHF

—0.903 2
4 um ATf
-1.90x10 <Q//> |:10g10 (ATCHF>:| ) (3)

where
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0.1987 1/5:55
o
ATeyr = 18 | phpQ" | ——— . 4
CHF [Pg e Q (pruZ d32> ] 4)

Eqgs. (3) and (4) are valid for d3; = 0.405-1.351 mm. They also rec-
ommended an alternative correlation based on dps as mean
diameter,

" ~1.144 3
) =19010(G) - foga (7 )
lo =1.90x 10’ =5 lo —
g10 (ngF X Q g10 ATor

-0.903 2
4 (Um ATf
~1.06 x 10 <@> {logm<—ﬂm>] 7 (5)

where dgs = 0.434-2.005 mm. The above general form of the q"rp
correlation was also adopted by Dou et al. [12], who used the spray
Weber number instead of u,,/Q”,

q1s 614/,03 ATy ﬂ 336
lo =4.6 x 10°We," |lo —
Z10 <ngF> X s [ g10 (ATCHF

3.28
33 % 10°We®® log, (21 , (6)
ATcyr

which is valid for flow rates ranging from 30 to 50 I/min.

Later, Klinzing et al. [13] identified two distinct cooling regimes
for water sprays based on local volumetric flux: low flux sprays for
Q' <35x10>m?>s'/m?, and high flux sprays for
Q' >3.5x 102 m3s~!/m2 They correlated the transition boiling
heat flux as

_ Yewr — v
(ATcxr — ATunw)’
X [ATq: = 3ATgyeATu + BATcurATwnATy

"o an
A = Aeyr —

—3(ATaur + ATwn)AT; + 2AT} |, 7)

where q"yv and ATy are, respectively, the heat flux and surface-
to-fluid temperature difference corresponding to the Leidenfrost
point, the latter is defined as ATy = Twmin — Tr . Both ¢"vv and
ATy Will be discussed later in Section 3.2. Eq. (7) is valid for
Q' =0.6 x 1073-9.96 x 10> m3 s~ !/m?, Um=10.1-26.7 m/s,
d3,=0.405-1.35 mm, and Ty= 23 °C.

Bernardin and Mudawar [14] attempted to extrapolate the
empirical heat transfer correlations for a single water droplet
stream into a model for transition boiling heat flux for dilute sprays
by accounting for hydrodynamic differences between a droplet
stream and a spray,

q;CB = pf(hfg + CILfATSUb)”sd(l - Ql’/Qgense) +3.46
X 10°AT; 27 dy 0,24 (Q"? / Q) (8)

where Q' gense =5 x 107> m® s™'/m? and 5 is the heat transfer effi-
ciency of a single impinging droplet. This correlation is valid for
ATy=100-220°C, ds,=0.25-1.002 mm, and ug=1.0-7.1 m/s, and
is applicable to very dilute sprays (Q” ~ 0.5 x 10> m® s !/m?) and
begins to lose accuracy for Q’>1.0 x 10> m?®s~!/m?. Bernardin
and Mudawar speculated that the limitation of Eq. (8) to dilute
sprays is related to complex droplet interactions that take place in
intermediate and dense sprays.

Liu et al. [15] developed a correlation for heat flux in both the
nucleate boiling and transition boiling regimes for water sprays
used in high pressure die casting,

Miens _ ¢ T34 0,2 1 GTY 4+ G, 9)
PfQ”hfg

where T, is dimensionless surface temperature defined as

T
T, = WL, (10)
hfg
and the coefficients in Eq. (9) are given by

0.864

C = 10’4'054Re}1'451We;l'ng(um/a”) ’ (11a)

C, — —1073616Re1319y4/p-1.173 Ay 0-916 11b
2= - eq eq C(ua/Q") (11b)

Cs = 10’3'642Re;'215We;]'093(um/@’)o'gw., (11¢)

and

Cu = —107+152Rpl 140 /p-1.037 Ay 0-963 11d
4= €4 e (Um/Q") . (11d)

The above correlation technique is valid for air pressures of 1-3 bar,
water pressures of 0.8-3.8 bar, u,=14.1-18.8 m/s, d3;=4.2-
30.7 um, and Q” = 0.0065-0.017 m3 s~ !/m?.

Overall, available transition boiling heat transfer information
remains quite limited in terms of both dominant mechanisms
and predictive tools. More research is therefore needed to address
the complex influence of droplets interactions, as well as intermit-
tent liquid contact with the surface and surface dryout.

3. Film boiling
3.1. Influencing parameters

It is widely accepted that spray volumetric flux is the key
parameter that influences heat flux in the film boiling regime
[16]. Bolle and Moreau [17,18] and Mizikar [19] suggested that
the film boiling heat transfer coefficient for water sprays is fairly
insensitive to surface temperature, a conclusion that contradicts
those of Sasaki et al. [20] and Mzad and Tebbal [21]. Sasaki et al.
reported that nozzle type, subcooling, and nozzle-to-surface dis-
tance have negligible influences on the heat transfer coefficient.
However, Ubanovich et al. [22] and Reiners et al. [23] found that
moving the nozzle closer to the surface increases the heat transfer
coefficient for water sprays, but aggravates heat transfer non-
uniformity across the surface. For example, the experiments by
Reiners et al. showed a change of 2000 W/m? K in the heat transfer
coefficient over a surface distance of 100 mm. Sharief et al. [24]
and Schmidt and Boye [25] reported that the heat transfer coeffi-
cient for water sprays increases with increasing droplet velocity,
but bears only weak dependence on droplet diameter. Ito et al.
[26] reported that, for the same flow rate, the average heat transfer
coefficient for a water spray with 5 MPa nozzle pressure is 2.8
times larger than that with 0.7 MPa pressure.

Experiments by Choi and Yao [8,27] revealed that a vertical
downward-facing water spray provides better film boiling heat
transfer performance than a horizontal spray because of secondary
contact of splattered droplets for the former. This is similar to the
conclusion drawn by Lin et al. [28] and Yoshida et al. [29] for the
nucleate boiling regime. Lin et al. also found that film boiling per-
formance for multi-nozzle FC-72 spray cooling is better for
upward-facing sprays than for horizontal sprays. And Yoshida
et al. found that upward-facing sprays are superior to
downward-facing sprays.

Choi and Yao [8,27] found that the effect of droplet Weber num-
ber, We,, Eq. (2b), on heat transfer in film boiling is mainly influ-
enced by spray intensity or mass flux. They suggested that film
boiling heat transfer for dilute sprays increases with increasing
Weg, and is weakly dependent on We,; for high We, Yoshida
et al. [29] found that, when We, < 80, droplets rebound from the
surface in the film boiling regime, and the influence of surface ori-
entation is appreciable because of limited secondary impingement
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for upward-facing sprays. While, for dense sprays, the heat transfer
is less sensitive to We,. Yao and Choi [30], who varied droplet
velocity and droplet diameter of water sprays independently,
arrived at a similar conclusion concerning the influence of Wey
for light versus dense sprays.

However, different recommendations have been made concern-
ing the boundary between light and dense sprays. In fact, studies
by Yao and Choi [30], Delcorio and Choi [31], Deb and Yao [32],
and Klinzing et al. [13] resulted in local liquid mass flux values
for water sprays ranging from 0.2 to 3.5 kg s~!/m?, while Yoshida
et al. [29] distinguished light and dense sprays based on a
volumetric flux value of 7 x107*m3s™!/m? for water and
4 x 10~*m3s~!/m? for FC-72.

Kim et al. [33-36] investigated dilute water spray cooling in
a series of studies. Kim et al. [33] divided the cooling heat
transfer area into stagnation and wall-flow regions. In the stag-
nation region, they suggested that the local heat transfer coeffi-
cient is dictated by volumetric flux, while in the wall-flow
region, the heat transfer coefficient is fairly constant, dependent
on the flow rate. In a follow-up study, Kim et al. [34] found
that the heat transfer coefficient for subcooled water liquid film
flow on the surface is similar to that for turbulent single-phase
heat transfer, and most of the heat flux is consumed by increas-
ing the liquid temperature. Later, Kim et al. [35] examined the
heat flux distribution when water spray droplets interact with
the liquid film flowing along the surface, and concluded that
presence of the flowing film can decrease the heat flux. In a
more recent paper, Nishio and Kim [36] developed a model
for the heat flux distribution, which accounted for both droplet
rebound and sensible heat; the local heat flux was presented as
the sum of contributions of droplet impact, induced air flow,
and radiation.

3.2. Models and correlations

3.2.1. Polydispersed sprays

A polydispersed spray is defined as a spray with different dro-
plet velocities and diameters, the values of which depend on the
type of nozzle used. Mudawar and Valentine [11] correlated the
heat flux for water sprays at the Leidenfrost point according to

q,/ u 0.834
MIN__ 0145 (ﬂ> . 12
PehiQ Q (12)

However, Klinzing et al. [13] found that, while Q" has a significant
influence on film boiling for both light and dense water sprays,
droplet velocity is important only for dense sprays. They
characterized dilute sprays by negligible droplet interactions during
impact with the surface, and dense sprays by significant droplet
interactions that alter heat transfer dependence on the spray’s
hydrodynamic parameters. Klinzing et al. used Q”, u;, and ds, to
correlate film boiling heat flux, g”r, minimum (Leidenfrost) heat
flux, q" vin, heat flux within the region of departure from film boiling
(discussed below), q"prs, surface-to-fluid temperature difference at
minimum heat flux, ATy, and surface-to-fluid temperature
difference at q"ppp. Listed in Table 1, these correlations are valid
for Q'=0.6x103-9.96 x103m?>s~!/m?, un,=10.1-26.7 m/s,
d3, = 0.405-1.35 mm, and Ty= 23 °C.

Included in Table 1 are correlations by Klinzing et al. for a tran-
sition point termed departure from film boiling (DFB) (see Fig. 4(b)
in [1]), which is associated with onset of vapor film breakup as
the wall temperature is decreased from the film boiling regime.
A film wetting regime (FW), associated with intermittent wetting
and reformation of the vapor blanket, occurs between the DFB
and Leidenfrost points. Klinzing et al. correlated the heat flux in
the film wetting regime according to

Qi = Co + C1ATy + G,ATS, (13)
where
Co = quy — C1ATv — G ATy, (14a)
C1 = —2C, ATy, (14b)
and

dbrs — Qv (14c)

= dors — Qv
(ATprs — ATy’

Yao and Choi [30] suggested that film boiling heat flux for water
sprays bears a power-law dependence on liquid mass flux, and this
relationship is somewhat stronger at low mass fluxes. For a droplet
diameter of 0.46 mm, droplet velocities of 2.8-3.4 m/s, and mass
fluxes of 0.0091-0.21 g s~ '/cm?, the film boiling heat flux for water
was correlated as

iy = 170G°7°. (15)
Al-Ahmadi and Yao [37] found that q”yyy also depends on G,
Qi = 161.6G*%, (16)

where G =1.5-30 kg s~!/m?. Hsieh et al. [38] investigated film boil-
ing of water and R-134a sprays using a transient liquid crystal tech-
nique, and recommended the following correlation for the
Leidenfrost point:

1/4
08(P; — Pg)
— (17)

which is independent of droplet velocity.

Wendelstorf et al. [39] showed that the film boiling heat trans-
fer coefficient for water sprays decreases with increasing wall-to-
fluid temperature difference for G > 10 kg s~!/m? and AT;> 800 °C,
and recommended the correlation

h=190

G GAT; 2 AT;
+tanh <§> {140(;(1 53 ooo) +3.26AT? {1 —tanh <m>} }
(18)

which is valid to 3<G<30kgs '/m? and AT;> 180 °C. Fujimoto
et al. [40] reported that the heat transfer coefficient for water can
be correlated with droplet volume mean diameter, d3g, mean veloc-
ity, un,, and number density of droplets, N*

Guiv = 0.11hgp,

h = 1.90d;, ul,'N*0%°, (19)
where
1/3
_ Zinid?
dso = ( S (20a)
and
3
Uy = Z"u"j" , (20b)
Zidi

as shown in Fig. 1. Eq. (19) is valid for d3g=0.083-0.206 mm,
Un=6.8-156m/s, and N'=3.77x107-148x108m=> (or
Q'=25x10%-218 x 103 m? s~ /m?).

3.2.2. Monodispersed sprays

Several investigators attempted to derive predictive tools for
spray cooling by modifying models and correlations originally
developed for a single droplet or a single droplet stream. Moriyama
et al. [41] developed an analytical model for the local film boiling
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Table 1

Summary of film boiling heat transfer correlations for water sprays [13].

Low spray flux (Q” <3.5 x 10> m?s~!'/m?)

High spray flux (Q” > 3.5 x 10> m®s~'/m?)

q"rs Q= 63.25AT} 01Q"0%4(;) 9% G = 1.413 x 10°ATP461Q"0566,9,639
q”MIN q;\,/"N — 3324 x ]OSQHO’544L!9,.1324 q;\//HN — 6.069 x 106QHO.943 Ll?,.;864
4"ors gy = 6.100 x 10°Q"**88 1244 Qe = 6.536 x 10°Q"* %924
ATvuiN - ATpyy = 2.049 x 102Q"00661,0,138470-035 ATy = 7.990 x 103Q"~00271.033 40952
ATors  ATpr — 2.808 x 102Q00870.11040035 ATprs = 3.079 x 10°Q"~01%*u 9224}
400 T T T efficiencies of a single water droplet, #4, and a single water droplet
stream, 7, using linear interpolation based on Q”/Q” gense,
(@) "
300 1 o) ] N="MNyq — =7 (nsd - ’7ss)- (21)
o Qdense
—_ O
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Fig. 1. Correlation of heat transfer coefficient in the film boiling regime. Adapted
from Fujimoto et al. [40].

heat transfer coefficient for a spray based on an empirical relation
for a single impinging droplet, which was corrected for spray vol-
umetric flux, droplet diameter, and droplet velocity distribution.
However, this model showed poor predictions of spray data, a
weakness that can be attributed to velocity limitations of the single
droplet model, and failure to account for droplet interference
within a spray. Deb and Yao [32] constructed an analytical model
for heat transfer for a spray with uniform droplet diameter and
velocity, by accounting for droplet contact heat transfer, bulk air
convection, and radiation. They represented the droplet contact
heat transfer by a semi-empirical correlation for heat transfer
effectiveness originally developed for single droplets. For dilute
sprays, the model exhibited fair agreement with experimental data
well into the film boiling regime, but significant error around the
Leidenfrost point. In follow-up work by Deb and Yao [42], a dense
spray model was formulated by a combination of asymptotic con-
ditions of their earlier dilute spray model and a pool boiling model;
the latter represents extreme surface flooding conditions of a
dense spray. Film boiling showed very weak dependence on dro-
plet parameters for dense sprays compared to strong dependence
for dilute sprays. Delcorio and Choi [31] developed models for film
boiling heat transfer in dilute and dense sprays using a sub-model
for sensible heat exchange of single impinging droplets, by
accounting for spray droplet number density and reduction in
liquid-solid contact area resulting from multi-droplet interference.
The dilute spray model showed fair agreement with experimental
data, while the dense spray model exhibited substantial prediction
errors.

By accounting for fundamental differences between a spray and
an isolated droplet stream resulting from droplet interference, Ber-
nardin and Mudawar [43] proposed a technique to predict film
boiling heat transfer for light sprays. They recommended a local
spray flux value corresponding to transition from light to dense
water sprays of Q”gense =5 x 107> m> s~!/m?, and developed a rela-
tionship for heat transfer efficiency of a spray, #, in terms of

Pr(hg + CppATap) 7

Notice that, because Eqs. (22a) and (22b) are derived from an
empirical correlation for a single droplet stream, this model is bet-
ter suited for the same operating conditions of the single stream
data, namely, AT;=180-380°C, d3,=0.25-1.002mm, and
U, =1.0-7.1 m/s. However, the model is not suitable for dense
sprays involving complex droplet interference effects.

Cox and Yao [44] examined film boiling heat transfer for
monodispersed water sprays with large droplet diameters of 3-
25 mm. Results showed that the spray heat flux has a strong
power-law dependence on mass flux, while heat transfer efficiency
for the film boiling regime, which they defined as

dfs
= x 100%,
1 G(hfg + Cp.fATsub + Cp,gATsat) O/

12

(23)

was proportional to d~'/“, but independent of droplet velocity.
Later, Yao and Cox [45] suggested using G/py instead of droplet
velocity to define droplet Reynolds and Weber numbers to improve
the accuracy of empirical correlations. They explored the variations
of heat transfer efficiency with respect to both droplet Weber num-
ber, We, = puZds; /o, and spray Weber number, We; = pf@’zdn/a,
using data from Yao and Choi [30], Choi and Yao [8], Ito et al. [46],
Shoji et al. [47], and Cox and Yao [44], spanning mass fluxes of
0.016-2.05 kg s~ !/m?, droplet velocities of 0.6-7.3 m/s, and droplet
diameters of 0.13-25 mm. Given the larger scatter in the variation
of #n relative to Wey, Fig. 2(a), compared to that relative to We,,
Fig. 2(b), they suggested adopting We; in correlations to achieve
better predictive accuracy. Using this rationale, they recommended
the following correlation for heat transfer efficiency in film boiling:

n=8x 107 <WesT5at> o6 135%x10°3 <WesTsat> 02

AT; AT; (24)

which is valid for 6 x 1071 < We;<3 x 1072 Yao and Cox sug-
gested several reasons for the monotonic decline of # with increas-
ing We,. First, an increase in We; increases the impact intensity of
the spray droplets and the droplet collisions, which reduces the
effective heat transfer area and momentum of individual droplets.
Second, high We; values are associated with large mass fluxes,
which promote surface flooding, meaning the droplets lose
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Fig. 2. Comparison of heat transfer effectiveness for water versus (a) droplet Weber
number and (b) spray Weber number for T,, = 400 °C and Ty= 23 °C. Adapted from
Yao and Cox [45].

momentum as they impact the liquid film covering the surface, and
their temperature increases as they mix with the relatively high
temperature film. Third, a new droplet impacting the surface will
encounter a lower surface temperature than the previous droplet,
and the time available for the surface temperature to recover
decreases with increasing droplet intensity. Since the heat transfer
effectiveness in the film boiling regime decreases with decreasing
temperature, such consecutive impact tends to decrease effective-
ness with increasing Wes. It should be noted that the data jump cap-
tured in Fig. 2(a) around Wey =80 is associated with a droplet
disintegration threshold following impact.

Labergue et al. [48] reported that Eq. (24) tends to underesti-
mate their own data for water sprays. More recently, Labergue
et al. [49] used a three-color laser induced fluorescence technique
along with a Phase Doppler Velocimeter to demonstrate that the
temperature of droplets increases with increasing incident Weber
number.

4. Leidenfrost temperature

The Leidenfrost temperature, T, is of paramount importance to
metal alloy quenching since it marks the transition from very poor

heat transfer in film boiling to the far more superior heat transfer
associated with transition boiling. Since faster quenching is essen-
tial to achieving superior material properties, metal manufacturers
employ a variety of techniques to shift the Leidenfrost point to
higher temperatures. These facts point to the importance of the
ability to accurately predict and control the Leidenfrost point.
Hoogendoorn and den Hond [50] reported that models and cor-
relations for the Leidenfrost point for a single droplet have little
predictive value for sprays. They showed that T; for water sprays
varies from 350 to 900 °C, depending on spray conditions, espe-
cially volumetric flux. Experiments by Gottfried et al. [51] con-
firmed the strong dependence of T, on volumetric flux. Sozbir
et al. [52,53] and Al-Ahmadi and Yao [37] also reported that T;
for water sprays is influenced by local spray flux, but fairly insen-
sitive to droplet size, droplet velocity, or nozzle type. Al-Ahmadi
and Yao correlated their Leidenfrost temperature data according to

T, = 536.8G"'® (25)

for G=1.5-30 kg s~'/m?. Yao and Cox [45] considered the surface
chilling effect resulting from heat transfer at higher mass fluxes
and recommended the following correlation for high mass fluxes:

T, = 1400Wed . (26)

As shown in Fig. 3, Eq. (26) has been validated against data from
numerous sources. Additionally, measurements by Labergue et al.
[48] at high mass fluxes agree well with this correlation. Aside from
the dominant influence of We,, parameters that have a relatively
lesser influence on T; include surface roughness and thermal con-
ductivity of the sprayed surface.

Leidenfrost temperature models for sprays are quite sparse.
Bernardin and Mudawar [54] extended their sessile droplet Leiden-
frost model [55] to sprays by accounting for changes in the fluid
properties at the liquid-solid interface resulting from interfacial
pressure rise created by the impact. This pressure rise was deter-
mined using a model by Engel [56,57] for elastic impact pressure
by

AP = O.Zopfudusound7 (27)

where U;o,nq 1S the speed of sound in the liquid.
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Fig. 3. Correlation of Leidenfrost temperature with spray Weber number. Adapted
from Yao and Cox [45].
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5. Spray quenching of metal alloy parts
5.1. Significance of heat treatment

Heat treatment plays a significant role in dictating the material
properties of metal alloy parts. This process involves heating the
part to a temperature slightly below melting point, followed by fast
quenching to room temperature, and then reheating the part to an
intermediate temperature. Given the fast temperature changes
associated with the quenching phase of heat treatment, poor con-
trol of the quenching process often leads to many part imperfec-
tions, and correcting these imperfections is very costly. For
example post treatment of poorly quenched aluminum extrusions
accounts for nearly 50% of the production cost [11].

Presently, the vast majority of heat treatment operations
involve bath quenching rather than spray quenching. This trend
is driven by the low cost of bath quenching and an industry-
wide lack of technical knowhow concerning the implementation
and optimization of spray quenching. Yet, spray quenching is far
superior to bath quenching in two major ways. First, sprays pro-
duce much faster cooling rates. Second, spray quenching offers
tremendous benefits when cooling complex-shaped parts, which
can be explained as follows. In bath quenching, parts of different
sizes and shapes are quenched together, which causes smaller
parts to cool faster than larger one, and thin sections of a
complex-shaped part to cool much faster than thick sections. These
limitations can trigger many imperfections in the part, including
poor mechanical properties and thermally induced stresses. On
the other hand, spray quenching can overcome these defects by
providing mush faster cooling rates, and more uniform cooling of
complex-shaped parts. The latter advantage is realized by impact-
ing thick, high thermal mass sections of the part with dense sprays,
and thin sections with light sprays, thereby allowing the part to
cool both quickly and uniformly.

These advantages served as foundation for an intelligent
quenching technology using water sprays that was developed in
the late 1980s at the Purdue University Boiling and Two-Phase
Flow Laboratory (PU-BTPFL). The first and key component of this
technology consists of correlations for spray heat flux versus

-

Nozzle 5
P = 552 kPa

L=0.305m

Heat Transfer Database

Materials Database

Spray Nozzle Database

Fig. 4. CAD-based intelligent spray-quenching system.

surface-to-fluid temperature difference for different nozzle types
and operating conditions. Solving the heat diffusion equation for
an initially high-temperature three-dimensional metal alloy part
in response to spray cooling yields a detailed record of spatial
and temporal distributions of the part’s temperature. The second
component of this technology is a comprehensive database for
pressure spray nozzles of different patterns (e.g., full cone or flat)
and sizes, for which spray parameters can be determined in terms
of nozzle pressure drop and water temperature. The third compo-
nent is a database for metallurgical transformation kinetics for dif-
ferent metal alloys, which can be combined with the part’s spatial
and temporal distributions to predict three-dimensional distribu-
tions of key mechanical properties, such as hardness and tensile
strength, as will be discussed below.

Fig. 4 shows how the intelligent quenching technology combi-
nes information from the above three components using
Computer-Aided Design (CAD) to predict the part’s mechanical
properties in response to the spray quench. In a production facility,
the operator of the CAD system would simply input initial temper-
ature, shape, and alloy composition of the part, and, upon consult-
ing its extensive databases, the CAD system would determine the
nozzle type, placement, and pressure drop necessary to achieving
acceptable mechanical properties within the heat treated product.

5.2. Metallurgical aspects

Using an aluminum alloy as example, Fig. 5(a) shows the
aluminum-rich region of the aluminum-copper phase diagram
and approximate composition range (indicated by the shaded
region). The heat treatment process commences by heating the
alloy part to the solution heat treatment temperature, which is
below the liquidus temperature corresponding to complete melting
of the alloy [58]. More specifically, the solution heat treatment
temperature is above the solvus temperature (point where copper
becomes soluble within aluminum), but below the solidus temper-
ature (point where the alloy begins to melt). When maintained
above the solvus temperature for a sufficient time, the copper
(solute) diffuses completely into the aluminum (solvent) to form
a solid solution. Subsequent cooling — quenching - below the sol-
vus temperature results in a supersaturated solid solution that
seeks equilibrium by precipitating the hardening solute, CuAl,.
As shown in Fig. 5(a), different microstructures will result when
the part is cooled to near room temperature, depending on cooling
rate. Very rapid cooling preserves the initial homogeneous super-
saturated solid solution, and results in an alloy that is age-
hardenable during the subsequent aging process, the third and
final stage of heat treating. Conversely, very slow cooling causes
coarse CuAl, precipitates to form along the grain boundaries,
resulting in an alloy that cannot be age-hardened.

As shown in Fig. 5(b), aging is achieved by heating the alloy to
an intermediate temperature (between preheat and room temper-
atures) over an appropriate duration to promote fine dispersion of
precipitates within the aluminum grains, which serve as disloca-
tion barriers and impart the desired increases in strength and hard-
ness. However, over-aging can cause further coalescence into a
more coarse dispersion, reducing the number of dislocation barriers,
thus compromising both strength and hardness.

It is obviously highly desirable to cool the entire alloy part as
fast as possible from the solution heat treatment temperature as
shown in Fig. 5(a). However, this is not possible for large parts.
Additionally, rapid quenching of the exterior of a part having a
cross section with large thickness variations causes the interior
of thin sections to cool much quicker than the interior of thick sec-
tions. This would lead to high thermal stresses caused by large spa-
tial temperature gradients during the quench, along with residual
stresses and possible warping, as shown in Fig. 6. On the other
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hand, slow cooling ensures spatial uniformity of the part’s temper-
ature, but precludes the ability to achieve the desired strength or
hardness during the aging process because of the massive precipi-
tation of solutes along the aluminum grain boundaries [59]. Conse-
quently, an optimum cooling strategy exists within a window of
acceptable cooling rates such that the part is cooled as quickly
and uniformly as possible. This is achieved by proper placement
and operation of the spray nozzles, where the local heat flux every-
where along the surface is controlled such that all locations in the
part’s interior are optimally cooled.

5.3. Consolidated heat transfer correlations for water spray quenching

The intelligent quenching technology was proposed initially by
Deiters and Mudawar [60] in 1989 to optimize the process of spray
quenching following extrusion, forging, or continuous casting.
They also described a numerical scheme to demonstrate how con-

h 70 cm /

Fig. 6. Warping and distortion of an initially two-dimensional aluminum alloy
extrusion having an H-shaped cross section due to poorly configured spray
quenching.

trolled spray quenching of products containing sections of differing
thicknesses can significantly reduce thermal gradients. They solved
the heat diffusion equation for an aluminum alloy part using local
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correlations by Mudawar and Valentine [11] for spray heat flux
versus surface-to-fluid temperature difference. These correlations
were based on droplet diameter, droplet velocity, and local volu-
metric flux, which were all measured independently. The correla-
tions included detailed relations for the single-phase, nucleate
boiling, and transition boiling regimes for surface temperatures
below 400 °C, but not the film boiling regime. Deiters and Muda-
war [61,62] employed these correlations as boundary conditions
in a three-dimensional heat diffusion model of a rectangular alu-
minum block quenched along one surface by a spatially varying
water spray. They showed that the correlations of Mudawar and
Valentine are both spatially universal and applicable to all types
of sprays (full cone, hollow cone, and flat) employed in materials
processing.

Later, Klinzing et al. [13] derived complementary correlations
for both the transition and film boiling regimes for low volumetric
flux (Q"<35x103m3s7'/m?) and high volumetric flux
(Q">3.5 x 1072 m>s~!/m?) sprays. Using these correlations along
with Mudawar and Valentine’s correlations for the single-phase
and nucleate boiling regimes, they successfully predicted the tem-
perature response of a rectangular aluminum alloy plate. Rozzi
et al. [63] described the construction of a large-scale spray quench-
ing test bed to mimic industrial spray quenching of complex-
shaped aluminum alloy parts. They measured the temperature
response of an L-shaped aluminum alloy part to spray cooling,
which they accurately predicted using the same methodology
adopted by Klinzing et al.

One difficulty in using the correlations developed by Mudawar
and Valentine and Klinzing et al. is associated with discontinuities
at the point of departure from film boiling (DFB) and the
Leidenfrost point or minimum heat flux (MIN). Hall and Mudawar
[59] revised the earlier correlations for the high temperature
boiling regimes in an effort to produce a smooth and continuous
boiling curve for different combinations of the spray
hydrodynamic parameters. This was accomplished by matching
both heat flux and heat flux slope along the boiling curve. At
DFB, (i.e., ATy= ATppp) they set

q" = qpgs; (28a)
and

99" _ Oqpp

OAT; — OATy| e’ (28b)
and at MIN (i.e., ATf= ATy),

q" = Qun: (29)
and

9q" _ | _

OAT; — OATf|yw (29b)

Reformulating the correlation for DFB temperature poses the possi-
bility of a DFB temperature lower than the MIN temperature or a
boiling curve with a steeper slope in the film wetting regime than
in the film boiling regime; both of which are encountered with rel-
atively low volumetric fluxes, which implies the absence of the film
wetting regime.

Table 2 provides a consolidated summary of spray quenching
correlations by Mudawar and Valentine [11], Klinzing et al. [13],
Rybicki and Mudawar [64], and Estes and Mudawar [65], including
the slope corrections by Hall and Mudawar [59].

5.4. Quench factor technique

The quench factor technique couples the time required for pre-
cipitation of hardening solute, in the form of the C-curve (described

below), with the time available for precipitation, represented by
the temperature-time curve of the quenched part. This technique
employs a parameter termed quench factor, 7, which can be used
to assess the influence of quench rate on ultimate strength and
hardness of the metal alloy part. It is defined as
b dt

T . G (30)
where times t; and t; correspond, respectively, to the start and end
of the quench, and C, is the critical time required at different tem-
peratures to precipitate a sufficient amount of solute to reduce
the maximum attainable strength or hardness by a specific percent-
age (typically 99.5%), and is defined as

ksk? <m>
Ce=—kikyexp| ———2— | exp (==, 31
T ke exp (RT(I<4T)2> P\RT (31)

where k is an empirical constant and R the universal gas constant.
Zero and infinity values of the quench factor correspond to suppres-
sion of precipitation and complete precipitation, respectively. As
depicted in Fig. 7, the integral in Eq. (30) can be numerically calcu-
lated by discretizing the temperature-time cooling curve into small
time increments. On the right side in Fig. 7 is the corresponding
relation between C; and temperature, the C-curve. An incremental
quench factor associated with each time increment represents the
ratio of the amount of time the alloy is at a specific temperature
to the amount of time required to obtain a specified amount of
transformation at the same temperature. Overall, the non-
isothermal quench can be treated as a series of isothermal
quenches, which are additive if the alloy obeys the rule of additivity
over the entire range of transformation temperatures, and the
quench factor can be approximated as

T=) —. (32)

Overall, the importance of the magnitude of 7 is exemplified in its
impact on mechanical properties, according to
0 — Omin

H_Hmin o -
Frx— Hoin ~ G — O~ 21D (33)

where G max (0r Hpax) and 6 min (O Hyin) are the maximum and min-
imum yield strength (or hardness) of alloy specimens that are
cooled at near infinite rate and extremely slow rate, respectively.
Note that the coefficient k; in Eq. (33) is negative, which implies
that superior properties are achieved by minimizing t.

Hall and Mudawar [66] developed a method for minimizing the
quench factor by taking the derivative of the quench factor with
respect to temperature,

dt 1

dT ~ C,(dT/dt)’ (34)

suggesting that the quench factor can be minimized by maximizing
C, dT/dt, the product of critical time and cooling rate during the
quench. As shown in the C-curve in Fig. 7, the critical time at rela-
tively high and low temperatures is extremely large, hence the cool-
ing rate has little influence on metallurgical structure. While at
intermediate temperatures, the critical time is small and cooling
rate has substantial influence on the metallurgical structure. There-
fore, it is at these intermediate temperatures where cooling rate, i.e.,
dT/dt, must be maximized.

Achieving high values for dT/dt within the intermediate temper-
atures associated with the nose of the C-curve is closely associated
with the prevalent spray regime in the same temperature range.
Should film boiling be prevalent in this range, faster cooling rate
can be achieved by increasing volumetric flux in order to improve
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Table 2
Summary of heat transfer correlations for spray quenching.
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Heat transfer regime Correlations

Film boiling [13]
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6 /70.589
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Transition boiling [13]
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Nucleate boiling [64] apds
Hyh

Incipient boiling [11]

Single-phase cooling [64]
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Note: Units of parameters are q” [W/m?], ATy=T,, — Tr[°C], Q" [m® s~ /m?], um, [m/s], d32 [m], p [kg/m?], hyy [J/Kg], cpr [J/kgK], ke [W/mK], 1 [Ns/m?], ¢ [N/m]. (Tw + T9)/2 is used
in single-phase regime and saturation temperature in the other regimes to evaluate fluid properties.
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Fig. 7. Numerical calculation of quench factor using the temperature-time curve and C-curve. Adapted from Hall and Mudawar [58].

film boiling heat transfer. This can be accomplished by increasing
the nozzle’s pressure drop or opting for a higher capacity nozzle.
Another effective strategy is to switch from film boiling to transi-
tion boiling at a higher Leidenfrost temperature, in order to take
advantage of the faster cooling rate associated with transition
boiling.

5.5. Optimization and validation

Typically, a quenching operation consists of either stationary
parts or long extrusions moving through an array of spray nozzles.

When quenching a long part with uniform two-dimensional cross-
section, even spray coverage can be achieved by utilizing several
nozzles with overlapping spray impact areas. However, it is crucial
that the nozzle spacing should be optimized to avoid axial varia-
tions in the heat transfer coefficient. Overall, volumetric spray flux
is the primary spray hydrodynamic parameter controlling the spa-
tial variation of the heat transfer rate since ds, and u,, are relatively
insensitive to location for pressure sprays [61]. Hall and Mudawar
[67] developed an additive methodology, where the volumetric
flux distributions for two side-by-side nozzles are superimposed,
and an optimum distance between the nozzles is selected to ensure
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Fig. 8. (a) Schematic diagram of spray quenching test bed and platform used to translate alloy part from the furnace atop down into the spray chamber (adapted from Hall
and Mudawar [58]). (b) Images of spray quenching of two-dimensional L-shaped aluminum alloy part. Four arrays of nozzles, each containing three nozzles, are strategically

configured to impact four vertical surfaces of the part at optimized flow conditions.

axially uniform volumetric flux and, hence, preclude axial varia-
tions in the spray heat transfer coefficient.

Hall and Mudawar [67] examined the quenching of an L-shaped
aluminum alloy part, with one section several times thicker than
the other, in the spray test bed depicted in Fig. 8(a). They measured
the cooling history at different locations within the part, and later
measured the hardness at the same locations. Fig. 8(b) shows
images of the L-shape quenching, with the sprays initiated before
the part is lowered into the spray chamber. Once the pre-heated
part enters the spray chamber, film boiling is established along
all its surfaces, followed by transition boiling, nucleate boiling,
and eventually single-phase cooling. Notice the limited vapor pro-
duction in the spray chamber within the film boiling regime since
the vapor is mostly trapped close to the part surfaces. Intense
vapor product ensues in both the transition boiling and nucleate
boiling regimes, but eventually subsides in the single-phase
regime. Using the consolidated heat transfer correlations provided
in Table 2, they solved the heat diffusion equation for the part and

demonstrated close predictions of the measured cooling history for
different spray boundary conditions. They then used the quench
factor technique to calculate the distribution of hardness within
the part, and showed excellent agreement with the measured
hardness values [58]. Fig. 9 shows excellent agreement between
measured and predicted hardness distributions for the L-shaped
part when purposely cooled along one surface of the thin section
to induce appreciable hardness gradients. Hall and Mudawar [66]
also showed optimal selections of spray nozzle and nozzle pressure
drop for individual surfaces of the quenched part, with which it is
possible to simultaneously achieve all crucial goals of the heat
treatment: (1) fast cooling, in pursuit of superior mechanical prop-
erties, and (2) uniform temperature everywhere within the part, to
preclude warping caused by thermal and residual stresses.
Bernardin and Mudawar [68] experimentally examined the
influence of surface roughness on spray quenching with the aid
of scanning electron microscopy, surface contact profilometry,
and X-ray photoelectron spectroscopy. They employed aluminum
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Fig. 9. Measured Rockwell B hardness of the heat treated L-shape and hardness
predicted using the quench factor technique and predicted temperature-time
history. Adapted from Hall and Mudawar [58].

samples with a variety of initial surface roughnesses, that were
subjected to repeated heat-quench cycles, and observed measur-
able changes in surface roughness, whose magnitude was depen-
dent upon the initial surface finish and alloy composition. These
changes included both small scale roughness features (up to
25 um), which influenced cooling rate by increasing the number
of bubble nucleation sites during transition and nucleate boiling,
and, more importantly, large blisters (25-1000 pm) that influenced
droplet impact and spread, as well as the Leidenfrost temperature.
Bernardin and Mudawar [69] also noted that repeated heat-quench
cycles tend to shift the temperature-time cooling curve towards
shorter overall quench periods.

Spray Nozzle Metal Alloy Cylinder

[

A

Cross-Sectional View

(@)

TAYANE YU NAYAAYAYAY
0000000000

5.6. Quenching of cylindrical surfaces

In the past, quenching of cylindrical surfaces was achieved
using air-assist water sprays [70-73]. However, given the large
spatial variations in volumetric flux within the spray impact area,
and therefore non-uniformity in surface heat flux, better and more
predictable performance may be realized with pressure sprays.
Recently, Mascarenhas and Mudawar [3] examined the quenching
of a solid alloy cylinder using water sprays produced by full cone
pressure nozzles. Shown in Fig. 10(a) is a schematic diagram of
the quenching system, consisting of a solid metal alloy cylinder
that is subjected to an array of identical pressure sprays. Maximum
surface exposure to the liquid was achieved by arranging the
sprays circumferentially as well as longitudinally such that their
impact areas on the cylindrical surface were tangent to one
another. Another advantage of this configuration is the ease of
determining spray nozzle layout in a heat-treating plant. Fig. 10
(b) shows a representative unit cell of the system, consisting of a
sector of the cylinder subjected to a single spray. A key difficulty
in assessing the cooling performance of the sprays is the spatial
distribution of volumetric flux resulting from the surface curva-
ture. Using the spray model illustrated in Fig. 11, Mascarenhas
and Mudawar derived an analytical model to determine the distri-
bution of volumetric flux across the convex surface of the cylinder,

Q" [tan(0/2)sing -372
@ [Tt 1+
-1
sinf cosp 1 2H 1
: Lr/H) 1+(r/H)2+1+(r/H)2<D H)l(r/H)tanﬁ} ’
(35)
where
Q' = q (36a)
n[Htan(0/2)](Dsin @/2)’
@ =sin"' K% + 1) sin(H/Z)} —0/2, (36b)
and
1 |(2H (r/H) B
B=sin' [ (= +1)—LL | —tan '(r/H). (360)
<D ) 1+ (r/H)?
Spray Impact Areas
oﬂ\\ﬁ‘/

Longitudinal View

(b)

Fig. 10. (a) Spray nozzle configuration for quenching of solid metal alloy cylinder, and (b) unit quenching cell. Adapted from Mascarenhas and Mudawar [3].
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Fig. 12. (a) Spray nozzle configuration for quenching of metal alloy thick-walled tube, and (b) unit cell. Adapted from Mascarenhas and Mudawar [74].
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This distribution was combined with the spray heat transfer corre-
lations provided in Table 2 for all boiling regimes and transition
points to generate a local boiling curve for every location on the
impact surface. Using these boiling curves as boundary conditions,
the transient three-dimensional heat diffusion equation was solved
for aluminum alloy and steel cylinders subject to different values of
spray nozzle pressure drop and nozzle-to-surface distance.

Later, Mascarenhas and Mudawar [74] extended this methodol-
ogy to internal spray quenching of thick-walled metal alloy tubes.
Fig. 12(a) and (b) show the corresponding nozzle configuration and
unit quenching cell, respectively. And, utilizing the geometrical
spray model shown in Fig. 13, they derived the spatial distribution
of volumetric flux for the inner concave surface of the tube,

Q" [tan(6/2)sin¢ -3/
o[ Toemum ]
sinf  cosp N 1 (ﬁ_1> 1 -1
(r/H) 1+@/H?* 1+(@/H?*\D 1+(r/H)tang| °
(37)
where
@ =sin"' K%— 1) sin(Q/Z)} +0/2 (38a)
and
1| (2H (r/H) B
p=sin" | (= —1)—L2—| +tan"'(r/H). (38b)
(D ) 1+ (r/H)’

By setting boundary conditions for both the sprayed and unsprayed
portions of the tube surface, a transient heat diffusion model was
constructed for the unit cell for both aluminum alloy and steel
tubes. The model yielded quench curves for all points along the
sprayed surface and within the tube wall. This approach also facil-
itates the determination of surface temperature gradients in the
quenched part to guard against stress concentration. Fig. 14 com-
pares spray quench curves for aluminum alloy and steel tubes that
are sprayed only along the inner surface. Notice the appreciable dif-
ferences in thermal response between the two alloys. The inner
sprayed surface is shown to cool much faster for steel than for alu-
minum. On the other hand, the outer unsprayed surface cools a lot
slower in steel than in aluminum. These trends are closely related to
the large difference in thermal diffusivities between the two alloys,
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Fig. 14. Comparison of spray quench curves for aluminum and steel tubes. Adapted
from Mascarenhas and Mudawar [74].

1.25 x 107> m?/s for steel compared to 8.07 x 107> m?/s for
aluminum. With its highly superior thermal diffusivity, aluminum
promotes faster penetration of the cooling effect through the tube
wall, rapidly dissipating the surface temperature gradient and
reducing cooling rate along the sprayed surface, and decreasing
temperatures within the tube wall. Steel, on the other hand, is far
slower in conducting the heat away from the surface and into the
tube wall.

The above findings demonstrate the effectiveness of combining
(a) the universal water spray correlations, (a) the volumetric flux
models for flat, convex, and concave surfaces, and (c) the quench
factor technique to both predict and optimize the quenching of
complex-shaped metal alloy parts in pursuit of both fast and uni-
form cooling, and superior mechanical properties.

6. Concluding remarks

This paper is the second part of a two-part review of spray cool-
ing. The first part addressed the single-phase and nucleate boiling
regimes, as well as critical heat flux (CHF), which are important to
cooling relatively lower temperature high-heat-flux devices. The
present part addresses the complementary higher temperature
transition boiling and film boiling regimes, as well as the
Leidenfrost point. Also discussed is how spray heat transfer
correlations and models can be implemented as boundary condi-
tions in heat diffusion models of metal alloy parts to accurately
predict the temperature-time (quench) history everywhere within
the part. Key observations from this review can be summarized as
follows.

(1) Published studies on spray film boiling and, especially, tran-
sition boiling are quite limited in terms of identifying dom-
inant mechanisms and recommending predictive
correlations and/or more models. Clearly, future studies
addressing these two regimes must be conducted with more
sophisticated instrumentation and imaging methods to
more accurately capture near-surface droplet impact, liquid
film behavior, and vapor film formation for many liquids
with drastically different thermophysical properties, and
over broad ranges of operating conditions.

(2) The spray Leidenfrost point plays a crucial role in metal part
quenching since its marks the transition between slow film
boiling and much faster transition boiling as the part is
quenched from high temperature. However, published
works addressing the Leidenfrost point have been focused
mostly on single droplets, while those concerning sprays
are quite sparse. More attention must therefore be focused
in future studies on dominant mechanisms as well as predic-
tive tools specific to the Leidenfrost point in sprays.

(3) Correlations for the different spray boiling regimes and tran-
sition points are paramount to the prediction of
temperature-time cooling curve for metal alloy parts during
quenching. Combining the quench curve with metallurgical
transformation kinetics provides an accurate and robust
means for predicting the strength and hardness of metal
alloy parts. By strategically configuring the spray system
used to quench complex-shaped parts, it is also possible to
greatly enhance these mechanical properties while avoiding
high residual stresses. This approach requires accurate mod-
els of volumetric flux distribution for flat, concave and con-
vex surfaces of the quenched part.
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