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Abstract-The present study constitutes a crucial step towards the development of a CAD based intelligent 
spray quetiching system capable of optimizing the mechanical properties (strength, hardness) of age- 
hardenable aluminum alloys. The quenching of an L-shaped aluminum alloy with multiple, partially 
overlapping spray nozzles was successfully modeled using the finite element method. Spray heat transfer 
correlations, which relate the local heat transfer rate in each of the boiling regimes experienced by the 
surface to the local values of the spray hydrodynamic parameters (volumetric spray flux, mean drop 
diameter, mean drop velocity), were used as boundary conditions. The spatial distributions of the spray 
hydrodynamic parameters were modeled and incorporated into the finite element program. Axial non- 
uniformity in the heat transfer coefficient along the surfaces of long extrusions, which can lead to unwanted 
residual stresses, was eliminated by developing a method for optimizing the distance between adjacent 
nozzles. The numerical results were experimentally verified in a simulated industrial environment. This 
study is the first successful attempt at systematically predicting the temperature response of a quenched 
part from knowledge of only the part geometry and spray nozzle configuration. Integration of the finite 
element program with an optimization routine will yield a system capable of selecting the appropriate 
spray nozzle configuration for a new part prior to production ; thus, achieving superior part quality without 

conducting costly experimental tests. 

INTRODUCTION 

Increased competitiveness in the materials processing 
industry has demanded the development of more 
efficient production methods to satisfy increasingly 
tougher specifications while significantly reducing 
cost. The final mechanical and metallurgical proper- 
ties of age-hardenable aluminum alloy extrusions are 
contingent upon the rate at which the part is cooled 
(quenched) after the high temperature forming 
process. If the exterior of a part having a cross-section 
with large variations in thickness is cooled as quickly 
as possible, large spatial temperature gradients 
develop which lead to high residual stresses and warp- 
ing. Conversely, if a part is cooled too slowly, uniform 
cooling may exist, but the desired strength or hardness 
cannot be obtained in the subsequent age-hardening 
heat treatment. Thus, an intelligent spray quenching 
system is proposed which will determine how to cool 
a part as quickly and uniformly as possible such that 
the resulting mechanical properties are optimized with 
minimal cost. 

The spray quenching process consists of directing 
high pressure liquid sprays onto areas of the part 
where higher cooling rates are required. The operator 
selects an initial nozzle configuration and operating 
pressure, based on experience and the visual appear- 
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ante of the part, such that uniform cooling is 
presumed. This trial and error operation frequently 
leads to high residual stresses, nonuniform properties, 
low corrosion resistance, warping, soft spots, or crack- 
ing, all of which may lead to low strength and prema- 
ture part failure. The operator subsequently modifies 
the nozzle configuration until post-heat treatment 
tests reveal that acceptable mechanical and metal- 
lurgical properties were obtained. Only after this test- 
ing phase is completed can the continuous production 
of the part be initiated. 

The present study is part of an ongoing research 
project at the Purdue University Boiling and Two- 
Phase Flow Laboratory whose primary goal is the 
development of the CAD based intelligent spray 
quenching system proposed by Deiters and Mudawar 
[ 11 and illustrated in Fig. 1 (a). The operator inputs 
the composition and geometry of the extrusion or 
forging into the CAD system and, upon consulting its 
extensive data bases, the CAD system determines the 
nozzle configuration (type, placement, and pressure) 
required to obtain acceptable mechanical properties 
in the heat treated product, thus eliminating the costly 
trial and error procedure utilized today. 

Heat transfer aspects of the heat treatment process 
The quenching process is usually initiated at very 

high temperatures well above the saturation tem- 
perature of the liquid coolant, As the surface tem- 
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NOMENCLATURE 

CP specific heat at constant pressure 
d 32 Sauter mean diameter (SMD) 
h convection heat transfer coefficient 
h 
k” 

latent heat of vaporization 
thermal conductivity 

N&Z Nusselt number, hdJ2/kf 
Pr Prandtl number 
4” heat flux 

;:: 
volumetric spray flux 
mean volumetric spray flux along the 
major axis of the spray field 

&2 Reynolds number, pfQ”djZ/pC1l. 
t time 
T temperature 
AT Z-T, 
AT,,, liquid subcooling, T,,, - Tf 

u, mean drop velocity 
X coordinate along spray major axis 

Y coordinate along spray minor axis 
Z coordinate along the spray centerline. 

Greek symbols 
p dynamic viscosity 
P density 
0 surface tension ; standard deviation. 

Subscripts 
CHF critical heat flux 
DFB departure from film boiling 
f saturated liquid 
g saturated vapor 
MIN minimum heat flux 
OSP onset of single-phase cooling 
S surface condition 
sat saturated condition. 

perature decreases, different boiling regimes will be 
observed with each having distinct heat transfer 
characteristics. Figure l(b) shows a typical boiling 
curve for a hot surface submerged in a liquid bath and 
the corresponding boiling regimes. The film boiling 
regime is characterized by an insulating vapor blanket 
on the surface which prevents the liquid from making 
direct contact with the surface and results in slow 
cooling. Once the temperature decreases below the 
point of minimum heat flux, the vapor blanket begins 
to collapse and partial wetting of the surface ensues. 
This transition boiling regime is marked by a sig- 
nificant increase in the surface heat flux due to local 
areas of intense boiling, thus causing a rapid decrease 
in surface temperature. The maximum heat flux occurs 
at the point of critical heat flux (CHF) where the 
vapor layer begins to vanish causing the cooling rate 
to become a maximum. In the nucleate boiling regime, 
the entire surface experiences liquid contact and vigor- 
ous bubble production is observed, thus, keeping cool- 
ing rates fairly high. Boiling completely subsides in 
the single-phase cooling regime and the relatively low 
heat transfer rate is due to natural convection. 

Of more relevance to the quenching process is the 
corresponding temperature-time curve (cooling 
curve, quench curve) of the surface experiencing boil- 
ing, which is shown in Fig. l(c). While the part 
geometry and nozzle configuration will alter the cool- 
ing rates observed on the surface and within the 
quenched part, the general shape of the cooling curve 
will remain unchanged. The most notable feature of 
Fig. 1 (c) is the sharp drop in temperature immediately 
following the point of minimum heat flux. By pre- 
dicting and, subsequently, controlling the occurrence 
of the point of minimum heat flux, it may be possible 
to delay or advance the onset of the high cooling rates 
associated with the transition and nucleate boiling 

regimes such that the mechanical and metallurgical 
properties are optimized throughout the quenched part. 

Spray quenching heat transfer correlations 
A series of studies performed at the Purdue 

University Boiling and Two-Phase Flow Laboratory 
culminated in the spray quenching heat transfer 
correlations listed in Table 1. Mudawar and Valentine 
[2] conducted a comprehensive literature review and 
concluded that sprays can be characterized in terms 
of the distribution of spray hydrodynamic parameters 
(volumetric spray flux, mean drop diameter, and mean 
drop velocity) just prior to impingement upon the 
surface. They developed heat transfer correlations 
universal to all spray types (full cone, hollow cone 
and flat sprays) for transition boiling, nucleate boil- 
ing, and single-phase cooling regimes based on surface 
temperature and the local spray hydrodynamic par- 
ameters. Mudawar and Deiters [3, 41 later concluded 
these correlations, which were developed from 
measurements at the geometric center of the sprays, 
were valid at other locations within the spray field 
when the spray hydrodynamic parameters are deter- 
mined for these locations. 

Klinzing et al. [5] completed the research initiated 
by Mudawar and Valentine [2] by developing cor- 
relations for the film boiling regime and modifying 
the correlation for the transition boiling regime. Klin- 
zing et al. also identified a film wetting regime not 
shown in Figs. l(b) and l(c), characterized by inter- 
mittent wetting and reformation of the vapor blanket, 
which occurs between the point of departure from film 
boiling and the point of minimum heat flux. Four 
different full cone spray nozzles and one flat spray 
nozzle were operated at various pressures and nozzle- 
to-surface distances to obtain a wide range of spray 
hydrodynamic parameters. Klinzing et al. also identi- 
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Fig. 1. (a) CAD based intelligent spray quenching system. (b) Boiling curve and (c) temperature-time 

curve for a hot surface quenched in a liquid bath. 

(c) 

fied two distinct sipray cooling regimes based on volu- 
metric spray flux for the boiling regimes they inves- 
tigated. These spray cooling regimes have been 
previously identified for the film boiling regime [6] 
and labeled as dilute sprays, which are characterized 
by negligible droplet interactions during impaction on 
the surface, and dense sprays, which are characterized 
by significant droplet interactions that alter the heat 
transfer dependence on the spray hydrodynamic par- 
ameters. The high spray flux correlations (not shown 
in Table 1) are applicable to sprays having larger drop 
diameters and velocities than those used in the present 
study. 

The aforementioned heat transfer correlations com- 
pletely describe a.11 of the boiling regimes experienced 

by an aluminum part undergoing a spray quenching 
operation and may be used as boundary conditions 
for a numerical analysis which models the spray 
quenching of an alloy with several nozzles. A method 
for incorporating these correlations into boundary 
conditions for parts impacted by multiple overlapping 
sprays will be introduced later in this paper. 

Literature review 
Mudawar and Valentine [2] demonstrated that heat 

transfer to water sprays depends upon the local values 
of the spray hydrodynamic parameters. Deiters and 
Mudawar [3] determined that the volumetric spray 
flux varies considerably throughout the spray field. 
However, Kim et al. [7] and Wang et al. [8] assumed 
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Table 1. Spray quenching heat transfer correlations 

Quenching (boiling) regime [ref.] Correlation 

Film boiling regime [5] 

Point of departure from film boiling [S] 

q,, = 6,325 x 101 AT’ 691 Q,,0 264 d-0 062 32 

q’& = 6.100 x lo6 Q”’ s8*U;244 

AT,,, = 2.808 x 10’ Q”‘““’ C/;“” d;; 035 

Film-wetting regime [5] 4” = &IN + (ql;)FB-Y;,N) 
AT-AT,,, 2 

ATDFB - AT,,, > 
Point of minimum heat flux [5] qblN = 3.324 x 106Q”” 544 U;‘= 

AT,,, = 2.049 x 10zQ”0066 @““” d;; 03’ 

Transition boiling regime [5] qn = q& - “HP -qih 
(ATw- ATM) 

[AT& - 3ATfHFATMlN 

+6ATc”,zAT,,,AT-3(AT,-.,+ATMp,)ATZ +2AT’] 

Point of critical heat flux [2] &= 122.4[l+0.0118(~~i4(~)](~~‘9* 

AT,,, = 18.0[(p,~oQ”)(~)0’*8]115~ss 

Nucleate boiling regime [2] q” = 1.87 x 10~5(AT)5.‘5 

Onset of single-phase cooling [2] 

Single-phase regime [2] NM,, = 2.512 Ret26 Prfo56 

Units of the parameters: q”(W m-‘), AT= T,-T, (“C), Q” (m3 s-’ mm2), (i,,, (m s-r), d32 (m), h (W m-2 K-l), 
Pf (kg m-j), pg (kg m-2), h, (J kg-‘), cp,r (J kg-’ K-l), kr (W mm’ Km’), pr (N.s m-‘), o (N mm’). 

Dimensionless parameters : Nu,, = h d,,/k, Pr, = cp, f pf/kf, Rej, = pr Q” dj2/pF 
Range of validity of the correlations: Tf= 23”C, Q” = 0.58 x 10m3-9.96x lo-’ m3 s-’ m-*, U, = 10.1-29.9 m s-‘, 

d32 = 0.137 x 10-‘~1.35x 10m3 m. 
Properties : The fluid properties used in the correlations for the point of incipient boiling and the single-phase regime are 

evaluated at the film temperature, T 61m = 0.5 (T,+ T& The fluid properties used in the CHF correlation are evaluated at the 
fluid saturation temperature [2] 

that sprays could be characterized by the values of 
the spray hydrodynamic parameters measured at the 
geometric center. They incorrectly used a single boil- 
ing curve to determine the boundary heat flux at all 
surface locations being sprayed. They also presented 
results where a complex shape was uniformly sprayed 
at all surface locations, which is impossible to 
accomplish in a practical situation. Furthermore, Kim 
et al. and Wang et al. presented no experimental vali- 
dation of their numerical models. Consequently, their 
results offer insight into neither the simulation nor the 
optimization of a spray quenching process. 

Klinzing et al. [S] used the spray quenching heat 
transfer correlations [2, 51 and the spatial distribution 
models of the spray hydrodynamic parameters 
developed by Deiters and Mudawar [3] to simulate 
the spray quenching of a thin, stationary rectangular 
Al 1100 plate using the commercial finite element soft- 
ware package ANSYS. Near-surface temperature 
measurements corresponding to the center and outer 
edge of the spray field were in fair agreement with the 
numerical predictions. Rozzi et al. [9] attempted to 
simulate the spray quenching of a stationary Al 1100 
L-shaped testpiece using ANSYS. They determined 
that section thickness and spray configuration have 
a significant effect on the cooling rate and cooling 
uniformity of the testpiece. The spatial distribution of 

the volumetric spray flux in the axial direction caused 
the problem to become highly three-dimensional. 
Consequently, their two-dimensional finite element 
model significantly overpredicted the heat transfer 
rate, and comparisons with experimental temperature 
measurements were inconclusive [lo]. Mudawar and 
Deiters [3, 41 accurately predicted the temperature 
history of an Al 1100 block which was sprayed over 
one surface and whose other surfaces were well insu- 
lated. However, film boiling correlations were unavail- 
able and, hence, they were able only to predict tem- 
perature response in the relatively low temperature 
boiling regimes (below about 200°C). 

Other researchers have used the nonlinear inverse 
heat conduction method [1 I] to obtain the thermal 
boundary condition required by a numerical analysis. 
This method extrapolates the surface temperature- 
time history from thermocouples embedded near the 
surface of the quenched part. Zabaras et al. [12] 
quenched a stationary, cylindrical extrusion (93.4% 
aluminum, 4.6% magnesium) in an agitated water 
bath. The boundary condition for an axisymmetric 
finite element analysis, which predicted the tem- 
perature-time history and residual stress distribution 
within the part, was the surface temperature-time his- 
tory determined using measured temperatures and the 
inverse heat conduction method. Good agreement 
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between measured and predicted temperatures was 
obtained at internal locations ; thus, the prediction 
of residual stress was not hindered by an inaccurate 
thermal history. Once a material constitutive model, 
such as that proposed by Zabaras et al., is exper- 
imentally validated, then it will become possible to 
accurately predict the residual stress distribution in 
complex-shaped parts using the methodology 
developed in the present study which, unlike [12], 
uses heat transfer correlations independent of part 
geometry to obtain the thermal boundary condition. 

This review of previous research presented several 
key ideas as being crucial to the development of the 
CAD based intelligent spray quenching system. The 
present study examines the following aspects of this 
ongoing, cross-disciplinary research : 

1. Can the spatial distribution models of the spray 
hydrodynamic parameters, developed by Mudawar 
and Deiters [3,4], be simplified so that a single model 
adequately represents all nozzles of a given type? 

2. Uniform cooling of a typical aluminum part 
requires multiple sprays impinging multiple surfaces. 
Thus, unlike previous studies [3,4], the spray quench- 
ing experiments and models must simulate a realistic, 
industrial-like environment. 

3. The final mechanical properties of heat treated 
aluminum alloys are critically dependent on the cool- 
ing history within a. range of temperatures (32W2O”C 
for Al 2024) which are associated with the film boiling 
regime for many types of sprays [13]. Thus, although 
the temperature response of parts to spray quenching 
below the film boiling regime has been successfully 
predicted [3,4], the current investigation can not dis- 
miss the existence of film boiling during the initial 
cooling of the part. 

4. An array of overlapping sprays quenching a long 
part may cause large axial changes in the heat transfer 
coefficient ; thus. invalidating two-dimensional 
numerical models [9, lo]. Can axial changes be effec- 
tively eliminated by optimizing nozzle spacing? 

EXPERIMENTAL METHODS 

Spray Characterization Facility 
The Spray Characterization Facility shown in Fig. 

2(a) was used to measure the volumetric spray flux 
distribution of the spray nozzles used in the present 
study. The facility has a 0.11 m3 (30 gallon) reservoir 
within the spray chamber which is constructed from 
phenolic and painted internally with water resistant 
enamel. The spray chamber was partially fabricated 
from optical grade Lexan sheet to permit observation 
of the experiment. Three optical translation rails and 
a rack, pinion and rod assembly facilitated nozzle 
positioning to within 1 mm in the x, y and z directions. 
The fluid delivery loop consisted of stainless steel tub- 
ing and contained a stainless steel rotary vane pump, 
rated to deliver 28 x 10e4 m3 SK’ (4.45 gpm) at 690 
kPa (100 psi), and a 10 pm filter to ensure fluid purity. 

The relatively low flow rate required by a single nozzle 
necessitated the use of a bypass line back into the 
reservoir. A rotameter was used to measure the nozzle 
flow rate with a full-scale accuracy of f 2%. Operat- 
ing pressure was measured using a liquid filled stain- 
less steel pressure gage with a range of &690 kPa (& 
100 psi) and an accuracy of + 6.9 kPa (1 psi). 

A spray collector was mounted at the geometric 
center of the spray chamber and the translation stages 
were used to position the nozzle at any x-y-z location 
relative to the collector opening. Volumetric spray 
flux, Q”, was measured by collecting water in a 200 ml 
graduated cylinder with an inlet diameter of 1.0 cm 
and dividing the volume of water collected by the 
product of fill time and inlet area. The cylinder inlet 
was raised above the holding platform and sharpened 
to reduce any edge effects. Fluid exiting the nozzle 
impinged upon the spray collector and was either col- 
lected or drained into the bottom of the spray chamber 
for recirculation. 

Particle sizing facility 
A Phase Doppler Particle Analyzer (PDPA) manu- 

factured by Aerometrics, Inc. was used to simul- 
taneously measure drop size and drop velocity at dis- 
crete locations within the spray field. Several locations 
within the spray field were targeted in order to ascer- 
tain the spatial distribution of these parameters. Mul- 
tiple tests were conducted at each location to ensure 
repeatability. The phase Doppler method requires no 
calibration because drop size and velocity depend only 
on laser wavelength and optical configuration. 
Measurements are not based upon scattered light 
intensity and, consequently, are not subject to errors 
from beam attenuation or deflection which occur in 
dense spray environments. The principles of light scat- 
tering interferometry and the physical limitations of 
the PDPA are discussed in detail by Bachalo and 
Houser [14]. 

Materials Processing Test Bed 
The Materials Processing Test Bed, a cross-disci- 

plinary initiative encompassing efforts from various 
engineering departments and located at the Purdue 
University Boiling and Two-Phase Flow Laboratory, 
was used to simulate the heat treatment process (solu- 
tion heat treating, spray quenching, and artificial 
aging) of aluminum alloys in an industrial environ- 
ment. Figure 2(b) shows a cut-away view of the test 
chamber of the Materials Processing Test Bed and 
a detailed schematic of the furnace and translation 
system. A Lindberg model 54857-V tube furnace, 
which has a cylindrical heating length of 60 cm and 
diameter of 15 cm, was utilized to heat the aluminum 
testpiece. The three independent heating zones of the 
furnace were regulated using a programmable controller, 
thus ensuring uniform heating of the testpiece. The 
process tube mounted inside the furnace protected the 
heating elements during testing. The testpiece rested 
on a pedestal with three posts that were bolted to the 
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Fig. 2. (a) Cut-away view of the Spray Characterization Facility. (b) Cut-away view of the test chamber 
of the Materials Processing Test Bed and schematic of the furnace and testpiece translation system. 

translation platform. The testpiece was lowered from 
the furnace into the spray chamber using a stainless 
steel cable connected to the back of the platform. 
The spray chamber was fabricated from optical grade 
Lexan sheet to permit observation of the spray 
quenching process. An exhaust system connected to 
the back of the test chamber removed steam produced 
by the quench. Water stored in the quench tank was 
circulated using a fan cooled centrifugal pump, rated 
to deliver 25.2 x 10e3 m3 s-l (40 gpm) at 690 kPa (100 
psi). The large capacity of the pump required a bypass 
line back into the quench tank to maintain flow sta- 
bility. 

Four nozzle arrays, one on each side of the spray 
chamber, allowed some flexibility of nozzle posi- 
tioning relative to the testpiece. Each nozzle array, 

which consisted of three nozzles vertically separated 
by 11.4 cm (4.5 in.), was independently controlled 
using a globe valve connected to a steel-reinforced 
flexible rubber hose. Glycerin filled stainless steel pres- 
sure gages, each having a range of O-l. 10 MPa (S160 
psi), were utilized to monitor nozzle pressure. The flat 
spray nozzles used in the present study were operated 
at a pressure of 552 kPa (80 psig) and a distance of 
0.305 m (12 in.) from the testpiece. 

Testing commenced with the raising of the testpiece 
into the furnace using the vertical translation system. 
Once the testpiece attained the solution heat treatment 
temperature (495°C for Al 2024), the pump was 
engaged and the sprays were allowed to reach hydro- 
dynamic equilibrium. The testpiece was quickly 
lowered into the spray chamber using the translation 
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Fig. 3. Al 2024 L-shape dimensions and thermocouple placement. 

system and thermclcouple temperatures were recorded 
every 0.1 s throughout the quench. 

L-shape testpiece 
The L-shape testpiece shown in Fig. 3 was machined 

from an Al 2024 extrusion obtained from the Alumi- 

num Company of America (ALCOA). The testpiece 
was designed so that the effects of section thickness 
on cooling uniformity could be investigated. The thick 
and thin protruding sections had a thermal mass ratio 
of 5 : 1. Ten Chromel-Alumel (type K) thermo- 
couples, which consisted of 0.13 mm (0.005 in.) wire 
within a 0.81 mm. (0.032 in.) diameter Inconel 600 
sheathing with magnesium oxide insulation, were 
placed at strategic locations within the L-shape. The 
void surrounding the thermocouple bead was filled 
with boron nitride powder, which has a thermal con- 
ductivity comparable to aluminum ; thus, excellent 
thermal contact with the aluminum was insured. The 
high temperature Icapabilities and adequate transient 
response of the type K thermocouple made it an excel- 
lent choice for the current application. All thermo- 
couples were placed in a plane one-fourth the length 
of the L-shape above the lower surface. The testpiece 
surface was carefully polished to ensure uniform sur- 
face texture and re:peatability between quenches. This 
procedure was required because surface roughness has 
been observed to effect the thermal response of spray 
quenched parts [ 101. Furthermore, the spray quench- 
ing heat transfer correlations used in the present 
numerical study were obtained using polished surfaces 
12, 51. 

NUMERICAL METHODS 

The numerical a.nalysis of the spray quenching pro- 
cess involved solving the transient heat diffusion equa- 

tion with temperature dependent material properties 
[15] and temperature and spatially dependent boun- 
dary conditions. The ability of the commercial finite 
element program ABAQUS [ 161 to solve this problem 
with a user defined nonuniform heat transfer 
coefficient made it ideal for the present study. 
Additional benefits included an efficient nonlinear 
equation solver and self-adaptive time stepping 
scheme. 

Since the ultimate objective of the present research 
is to numerically optimize the quenching process by 
changing nozzle configurations, surfaces of the part 
may or may not be in contact with a water spray. The 
ABAQUS input file [17] was generalized to permit a 
convection boundary condition for all surface 
elements. Furthermore, the locations of large spatial 
temperature gradients were unknown ; hence, a uni- 
form finite element mesh was used. The input file 
contained a FORTRAN subroutine which defined the 
heat transfer coefficient as a function of surface tem- 
perature and surface location relative to the spray 
nozzles. The subroutine was consulted for each sur- 
face node at every iteration of every time increment. 
The subroutine performed the following tasks if the 
location was being sprayed : (1) local spray hydro- 
dynamic parameters were determined, (2) boiling 
regime experienced at this location and (3) cor- 
responding local surface heat flux were calculated 
using the spray quenching heat transfer correlations, 
and (4) convection heat transfer coefficient was 
defined as h = q”/AT. Radiation heat transfer from 
sprayed surfaces was neglected since the heat transfer 
coefficient due to radiation alone (based on a surface 
temperature of 495°C and an emissivity of 0.15 [18]) 
was less than 0.6% of the lowest value of the heat 
transfer coefficient due to spray convection (deter- 
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Fig. 4. Verification of the volumetric spray flux measurement technique on the (a) major axis and 

(b) minor axis of different type A nozzles. 

mined using the film boiling correlation listed in Table 
1 for a location near the edge of the spray field). 
Natural convection and radiation from unsprayed 
surfaces was found to have a negligible effect on the 
numerical results. The finite element program iterated 
each time increment until the solution at each node 
differed by less than O.Ol”C between iterations. A 
nearly continuous temperature-time history was 
obtained by defining a maximum allowable time 
increment of 0.1 s. Solution convergence was inves- 
tigated to determine the appropriate element type and 
size required by the present problem (1.25 x 1.25 mm2 
quadratic elements). 

SPRAY INTERACTION 

Single spray parameters 
Visual examination of a typical flat spray nozzle 

revealed an elliptical spray pattern which was fairly 
symmetrical about the nozzle centerline. Mudawar 
and Deiters [3, 41 indicated that minute machining 
flaws caused the spray hydrodynamic parameters to 
have an asymmetric spatial distribution. They con- 
cluded that the parameters could be predicted for each 
nozzle using a unique asymmetric exponential func- 
tion. However, an objective of the present study was 
to develop simple models which could be used with 
all nozzles of a given type without sacrificing accuracy. 
As indicated below, the same simple model used to 
describe spray pattern can also be used as a criterion 
for discarding flawed nozzles. 

The volumetric spray flux, Q”, was defined as the 
local volume flow rate per unit surface area. The 
measurements shown in Fig. 4 revealed that the volu- 
metric spray flux exhibits a maximum value near the 
center of the spray and decays exponentially along the 
major (x-axis) and minor (y-axis) axes of the elliptical 
pattern. Thus, the spatial distribution of the volu- 
metric spray flux was modeled by the function 

Q” = A, exp (A, x2 + A, y’) (1) 

where A, is the volumetric spray flux measured at 
the nozzle centerline and A, and A2 are constants 
determined using the least squares curve fitting pro- 

cedure. Off-axis measurements confirmed the pre- 
dictive ability of equation (1) for all locations within 
the spray field at a given distance from the nozzle. The 
close agreement between curve fits shown in Fig. 4 
demonstrate that the model developed using a single 
nozzle is applicable to all nozzles of that type. These 
same curve fits are also instrumental at ascertaining 
which nozzles of a given type should be discarded ; 
those nozzles typically display skewed patterns which 
can be readily detected by comparison with the pat- 
terns of other nozzles of the same type. 

The spray quenching heat transfer correlations used 
in the present study contain mean drop diameters and 
mean drop velocities instead of the complete drop size 
and drop velocity distribution of the spray. Sauter 
mean diameter, SMD or d,2, is the diameter of the 
drop whose ratio of volume to surface area is the same 
as that of the entire measurement sample. The mean 
drop velocity, U,,,, is simply the average of measured 
individual drop velocities. d32 and U,,, did not appear 
to vary considerably, or predictably, between 
measurement locations. Hence, the spray field at a 
distance of 0.305 m (12 in.) from the nozzle orifice 
was characterized by an average d,2 and an average 
U,,,. Table 2(a) summarizes the spatial distribution 
models of the spray hydrodynamic parameters for the 
flat spray nozzles used in the present study. 

Hydrodynamic parameters of overlapping sprays 
Typically, a quenching operation consists of either 

stationary parts or long extrusions moving through 
an array of spray nozzles. Relatively even spray cover- 
age can be obtained when several nozzles with over- 
lapping spray patterns are utilized. However, the 
nozzle spacing must be optimized to eliminate unde- 
sired axial changes in the heat transfer coefficient. 
Volumetric spray flux appears to be the primary spray 
hydrodynamic parameter controlling the spatial vari- 
ation of the heat transfer rate since dx2 and U,,, are 
somewhat insensitive to location. The spray inter- 
action between two adjacent nozzles was investigated 
and a methodology was developed for adapting the 
single nozzle models for use with nozzle arrays having 
overlapping spray patterns. 
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Table 2. (a) Spatial distribution models of the spray hydrodynamic parameters for the flat spray nozzles and (b) nozzle 
spacing required to achieve a one-dimensional volumetric spray flux distribution 

(a) 

Nozzle 
type 

Pressure 
[kPa:l 

(h&l) 

Distance 
[ml 

(b.1) 

Flow rate 
[m’s_] x 106] d,, x 10’ UlIl Q”(x>y)t 

(kpml) b-4 [m s-l] [m’s_’ mm’] 

A 

B 

550 
(so:1 
550 
(8011 

0.305 
(12.0) 

0.305 
(12.0) 

18 
(0.28) 
36 
(0.57) 

286 13.5 Q”=4.24~lO-~exp(-l43~~-3790y*) 

320 15.8 Q” =9,9lxlO~‘exp(-134x*-5470~‘) 

t The coordinates, x and y, shown in the Q”(x. y) equations have units of meters. 

(b) 

Nozzle 
type 

Optimum 
nozzle 

spacing 
[nil 

([id) 

Mean 
spray flux? 

px 10’ 
[m’ s-l m-‘1 

Standard 
deviationt 

CJ 
[m’s_’ mm’] 

Actual 
nozzle 

spacing1 
[ml 

(bn.1) 

Mean 
spray flux5 

Q”x IO3 
[m’s_’ mm’] 

Standard 
deviations 

CT 
[m’ s-’ m-‘1 

A 0.128 4.77 0.0377 0.114 5.32 0.197 
(5.04) (4.5) 

B 0.132 11.1 0.0880 0.114 12.8 0.532 
(5.2) (4.5) 

t These statistical parameters refer to the behavior of the theoretical volumetric spray flux at locations on the major axis 
between two nozzles separated by the optimum distance for that particular nozzle type. This data also assumes that the 
volumetric spray flux from each nozzle is additive at every location within the spray field. 

$ Nozzles are located at 0.006 m (0.25 in.), 0.121 m (4.75 in.) and 0.235 m (9.25 in.) along the L-shape testpiece which has 
a length of 0.241 m (9.5 in.). 

$These statistical parameters refer to the behavior of the theoretical volumetric spray flux at locations on the major axis 
along the L-shape testpiece. This data also assumes that the volumetric spray flux from each nozzle is additive at every 
location within the spray field. 

The spatial distribution model of the volumetric 
spray flux was used to optimize nozzle spacing by 
assuming that the volumetric spray flux contributed 
by two adjacent nozzles was additive at all (x, y) 
locations and, thus, could be predicted by 

Q” = 4, exp[A,(x-x,)2+A,~-y,)21 

+A,I:xP[A,(x-X*)2+~20i-_y2)21 (2) 
where (x,,y,) and (xZ,yZ) are the locations of the 
nozzle centerlines. This assumption was verified by 
modifying the fluid delivery loop of the Spray Charac- 
terization Facility to allow the simultaneous operation 
of two spray nozzles. Two type A nozzles (see Table 
2(a) for nozzle designation) were aligned such that 
their major axes coincided. The nozzle spacing and 
nozzle-to-surface distance were identical to those used 
in the Materials Processing Test Bed. As shown in 
Fig. S(a), the combined volumetric spray flux from 
simultaneous operation of both nozzles compared well 
with the values obtained using the superposition of 
two single nozzle models; thus, confirming the addi- 
tivity of volumetric spray flux. 

The following procedure was used to optimize 
nozzle spacing : (1) The distribution of volumetric 
spray flux along the major axis between two adjacent 
nozzles was predicted using equation (2), (2) the cor- 

responding standard deviation of the volumetric spray 
flux along the major axis was calculated and (3) the 
optimum nozzle spacing was determined by changing 
the nozzle spacing until a minimum standard devi- 
ation was obtained. Table 2(b) presents the optimum 
nozzle spacing and corresponding statistical par- 
ameters for the nozzles used in the present study. &” 
represents the mean volumetric spray flux along the 
major axis of the spray field. Figures 5(bl)-5(b3) com- 
pare the two-dimensional volumetric spray flux dis- 
tribution for two type A nozzles separated by the 
optimum distance, a smaller distance, and a larger 
distance. As the difference between the actual nozzle 
spacing and the optimum nozzle spacing increases, the 
distribution of the volumetric spray flux between the 
two nozzles becomes less uniform. This condition will 
produce undesirable axial nonuniformity in the heat 
transfer coefficient along the surfaces of long 
extrusions. 

The two-dimensional finite element analysis of the 
quenching process requires knowledge of the volu- 
metric spray flux distribution for a plane parallel to the 
spray minor axis. The presence of multiple, partially 
overlapping sprays causes the distribution on the 
minor axis to deviate from the single nozzle model. If 
the nozzle spacing is near the optimum value, then 
the distribution along all planes parallel to the spray 
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Fig. 5. (a) Volumetric spray flux distribution on the major axis of two type A nozzles separated by 11.4 
cm (4.5 in.), and spatial distribution model of the volumetric spray flux for two type A nozzles separated 

by (bl) 8.9 cm (3.5 in.), (b2) 12.8 cm (5.04 in.) and (b3) 16.5 cm (6.5 in.). 
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minor axis will be fairly identical. It is proposed that 
the coefficient A,, in equation (1) can be replaced with 
the mean value of the volumetric spray flux along the 
major axis of the nozzle configuration, &“, without 
sacrificing accuracy. Thus, the volumetric spray flux 
distribution for a plane parallel to the spray minor 
axis becomes 

!2” = @ exp (A, v’). (3) 

This assumption is justified if the standard deviation 

of the volumetric spray flux along the major axis is a 
small percentage (about 5%) of &“. 

The nonoptimized nozzle configuration used in past 
studies [5, 9, 101 consisted of two flat spray nozzles 
(different from those used in the present study) sep- 
arated by 12.1 cm (4.75 in.) and had a/&” = 0.19. 
This nozzle configuration produced significant axial 
temperature gradients in the stationary testpiece and, 
hence, the testpiece could not be analyzed using a two- 
dimensional numerical model. The nozzle con- 
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figuration used in the present study (see Table 2(b)) 
consisted of three nozzles separated by 11.4 cm (4.5 
in.) and had a/&” = 0.037 and 0.042 for nozzle types 
A and B, respectively. The nozzle configuration used 
in the present study satisfies b/p < 0.05; thus, eli- 
minating the majority of the axial temperature 
gradients and permitting the quenching process 
to be analyzed using a two-dimensional numerical 
model. 

Negligible droplet interactions, such as drop coales- 
cence or deflection, between adjacent sprays was an 
inherent assumption of volumetric spray flux addi- 
tivity. An exception to this rule is an extremely dense 
spray which will have an optimal nozzle spacing larger 
than predicted due to droplet interactions between 
sprays. This assumption also permits a nozzle array 
containing one nozzle type to be characterized by a 
single value of the Sauter mean diameter and mean 
drop velocity. Hence, the values of these parameters 
shown in Table 2(a) can be applied without modi- 
fication to any nozzle configuration. Since the spray 
hydrodynamic parameters can be determined at any 
location within the spray using the previously dis- 
cussed models, it is possible to utilize these models 
with the spray quenching heat transfer correlations to 
predict the spatial distribution of the heat transfer 
coefficient. 

It is quite impractical and cost prohibitive to mea- 
sure the distribution of the spray hydrodynamic par- 
ameters of all nozzles used in a heat treatment oper- 
ation. Consequently, the models developed using a 
few nozzles must be applicable to all nozzles of 
that type. Therefore, based on experience with the 
present system, the following guidelines should be 
observed to insure reliable and predictable nozzle 
performance : 

1. Stainless steel nozzles, or nozzles made from 
another corrosion and erosion resistant material, 
should be used since a harsh environment will cause 
inexpensive (e.g. brass) nozzles to corrode, thus al- 
tering the nozzles performance. 

2. All nozzles should be tested periodically. The 
flow rate and spray angle of the nozzles should be 
measured and compared to the manufacturer’s speci- 
fications. 

3. The spray pattern should be visually examined 
when installed and periodically during use. Nozzles 
with irregularities (unsymmetrical spray pattern, 
deflected spray, damaged orifice) should be dis- 
carded. 

4. When nozzles are mounted in tees, manifolds 
or elbows, jet stabilizers should be used to reduce 
internal flow turbulence which could lead to a dis- 
torted spray pattern. 

5. The fluid delivery loop should contain a filter 
capable of removing particles which could obstruct 
the nozzle orifice and, as a backup, a removable nozzle 
strainer should be placed immediately before the 
nozzle orifice. 

NUMERICAL SIMULATION OF THE QUENCHING 
PROCESS 

Spray quenching tests were conducted using the 
Materials Processing Test Bed in order to exper- 
imentally investigate the ability of the approach 
developed in the present study to predict the cooling 
history of the Al 2024 L-shape testpiece. The results 
presented in this study assumed that heat transfer was 
two-dimensional, which was an acceptable assump- 
tion for nozzles A and B and the current nozzle spac- 
ing in the Materials Processing Test Bed. The tem- 
perature predicted by the two-dimensional finite 
element analysis was compared with measured tem- 
peratures obtained from thermocouples located in a 
plane one-fourth of the entire testpiece length above 
the lower surface. Verification of these temperature 
predictions was necessary before mechanical proper- 
ties could be predicted in a heat treated part. 

Impact of transitions between boiling regimes 
Figure 6 shows the predicted temperature dis- 

tribution along the outer sprayed surfaces of the thick 
and thin sections for a quench using type A nozzles. 
The boiling regimes indicated in the figure correspond 
to surface conditions along the spray centerline (i.e. 
major axis of the spray field). During film boiling, the 
surfaces cool relatively uniformly. The upper left side 
of the L-shape cools the slowest since this side is 
unsprayed. The right edge of the thick section cools 
fairly quickly compared to locations near the center 
of the impinging spray since both the top and right 
surfaces of the thick section are being sprayed. Once 
the surfaces enter the transition boiling regime, the 
cooling rate increases substantially as evidenced by 
the large temperature drop and short time period 
between the point of minimum heat flux and the point 
of critical heat flux. The nucleate boiling regime is also 
short-lived since it is characterized by a small range 
of surface temperatures and enormous heat transfer 
coefficients. Finally, the majority of the sprayed sur- 
faces enter the single-phase cooling regime while the 
unsprayed surface locations are still at high tem- 
peratures. This phenomenon causes the unsprayed 
surfaces to be cooled by conduction to areas which 
are being heavily sprayed. 

Figures 7(a)-7(f) display isotherms of the L-shape 
at various times throughout a quench using type A 
nozzles. The isotherms are spaced 20°C apart and the 
maximum and minimum temperatures are also shown 
at each time. As expected, the thin section cools the 
quickest while the upper left side remains the hottest 
during all stages of the quench. At 5 s, all sprayed 
surfaces are undergoing film boiling and spatial tem- 
perature gradients are relatively small. Ten seconds 
later, the thin section begins to enter the transition 
boiling regime. At 20 s, the thin section has progressed 
into the single-phase cooling regime while the remain- 
ing surfaces are still experiencing film boiling. The 
enormous heat transfer rates present in the thin sec- 



Quenching of complex-shaped metallic alloys 1213 

7--l-r- 

t - 5.0 8. 
Mm I 

BollinQ I 
I 
i 

Cooling i 
b60.0 

I 

4 
! 
I 

I 

Spray 
Centerline 

Spray 
---- Centerline 

500 400 300 200 100 

Surface Temperature (OC) 

0 

Fig. 6. Temperature distribution along sprayed surfaces of the L-shape for a quench using type A nozzles. 
The identified transitions between boiling regimes correspond to the spray centerline of the respective 

sprayed surface. 

tion cause it to become a more favorable path for 
heat flow. Thus, the thick section becomes cooled by 
conduction to the thin section in addition to the 
sprayed surfacea of the thick section. The upper right 
corner of the thick section is well into nucleate boiling 
at 25 s and large temperature gradients are observed 
over a large po:rtion of the cross-section. The other 
surfaces of the thick section are experiencing a range 
of boiling regimes : film boiling near the upper left side 
to nucleate boiling at the upper right corner. At 30 s, 
the entire L-shape is well below the critical tem- 
perature range 1(32@42O”C for Al 2024) and, hence, 

the mechanical properties have been determined. 
Thirty-five seconds after initiating the quench, boiling 
has completely subsided on all surfaces and heat trans- 
fer is simply the result of single-phase forced con- 
vection to the water sprays. 

The isotherms presented in Figs. 7(a)-7(f) are an 
invaluable tool for determining areas of high and low 
temperature gradients within the part. Overall, large 
temperature gradients occur immediately after the 
surface begins experiencing transition boiling and per- 
sist until all sprayed surfaces enter the single-phase 
cooling regime. The closely spaced isotherms at 20 
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and 25 s show large temperature gradients exist within 
the part, even at locations away from the sprayed 
surfaces. The upper left side of the L-shape experi- 
ences relatively low temperature gradients throughout 
the quench due to the absence of a spray in this area. 
Note that, in all cases, the isotherms along the 
unsprayed upper left side are perpendicular to the 
surface ; thus, confirming heat transfer due to radi- 
ation and free convection is negligible compared to 
convection from a sprayed surface. Future exper- 
imental studies will use this type of numerical infor- 
mation to reduce spatial temperature gradients within 
the part by modifying the nozzle configuration ; thus, 
reducing residual stresses in the heat treated part. 

(a) 

-;-‘;:I’i‘l 
Time = 5 s 

Time=20s 

Validation of numerical predictions 
Figure 8(a) compares the finite element temperature 

predictions with the measured temperature-time 
curves of the L-shape for a quench using type A 
nozzles. Two experimental temperature-time curves 
are shown for each thermocouple to demonstrate that 
the spray quenching experiments are repeatable. TC 
4, which is near an unsprayed surface, and TC 5, 
which is in the center of the thick section, cool at 
approximately the same rate. TC 7, which is near two 
sprayed surfaces, cools quicker, both experimentally 
and numerically, than TC 5. The lower graph in Fig. 
8(a) compares TC 9, which is the fastest cooling 
thermocouple, to TC 5. The finite element tem- 
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Fig. 7. Predicted isotherms of the L-shape for a quench using type A nozzles at (a) 5, (b) 15, (c) 20, (d) 25, 

(e) 30 and (f) 35 s. 
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perature predictions for the four thermocouples com- predictions. Figure 8(b) shows the temperature com- 
pare quite well with experiment. Minor discrepancies parisons for a quench using type B nozzles whose 
are observed ne.ar the temperature at the point of volumetric spray flux is more than twice that of type 
minimum heat fhtx for those thermocouples adjacent A nozzles. The predictions are good considering that 
to sprayed surfaces, TC 7 and TC 9. The temperature- the spray flux correlations are being applied to sur- 
time curves of thermocouples not presented in Fig. faces having a slightly larger volumetric spray flux 
8(a) are in similar agreement with the finite element than specified by Klinzing et al. [5]. TC 7 disagrees 
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Fig. 8. Comparison of the finite element temperature predictions with measured temperaturctime curves 
of the L-shape for a quench using type (a) A and (b) B nozzles. 
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the most with the experiment, probably because it is 
near two sprayed surfaces. Figures 8(a) and 8(b) con- 
firm that the method developed in the present study 
accurately predicts the thermal history of metallic 
parts subjected to spray quenching. 

CONCLUSIONS 

This study continues the development of the CAD 
based intelligent spray quenching system, originally 
proposed by Deiters and Mudawar [l], which, once 
completed, will optimize the quenching of aluminum 
alloys to achieve superior part quality. The primary 
goal of the present study was to develop a method for 
predicting the temperature-time history of complex- 
shaped aluminum alloy parts subjected to spray 
quenching. Key conclusions from this study are as 
follows : 

1. The spatial distribution of the spray hydro- 
dynamic parameters was investigated for two nozzle 
types. The volumetric spray flux distribution was well 
represented by a curve-fit which exhibited a maximum 
value near the center of the spray and decayed expo- 
nentially away from the center. The mean drop diam- 
eter and mean drop velocity did not vary significantly 
within the spray field ; hence, average values were 
determined for each nozzle. 

2. Spray interaction between adjacent nozzles 
whose major axes coincide was investigated and the 
nozzle separation distance along the major axis of 
the spray field was optimized. A methodology was 
developed for adapting the single nozzle models for 
use with nozzle arrays having overlapping spray 
patterns. 

3. The temperature-time history of a complex- 
shaped part quenched with multiple, partially over- 
lapping spray nozzles was successfully predicted using 
the methodology developed in the current study and 
the spray quenching heat transfer correlations 
developed by Mudawar and Valentine [2] and Klin- 
zing et al. [5]. 

4. The coupling of the microstructure evolution 
with the predicted temperature-time history [13] 
should enable the determination of the final mech- 
anical properties a priori; hence, the performance of 
a spray quenching system can be judged prior to oper- 
ation. Once perfected, the CAD based intelligent 
spray quenching system will significantly reduce cost 
and increase productivity. 
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