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Prediction of the Temperature- Time 
Cooling Curves for Three-Dimensional 

Aluminum Products during Spray 
Quenching 

T.A.  Deiters and I. M u d a w a r  

Abstrac t .  This study aims at developing a universal approach to predicting the 
tempera ture- t ime characteristics for three-dimensional aluminum parts during 
quenching with water sprays. The validity of correlations recently developed by 
one of the authors, which relate the local heat transfer rate to the spray hydro- 
dynamic parameters, is examined for nonuniform sprays. A mathematical relation 
is presented for characterizing the spatial distributions of the hydrodynamic pa- 
rameters. By combining the local heat transfer correlations with the spatial distri- 
bution equations of these parameters, it is shown how a spatial distribution of the 
surface heat transfer rate can be derived. This distribution provides the vital bound- 
ary conditions needed to numerically simulate the three-dimensional heat diffusion 
occurring in a spray cooled part and the resultant tempera ture- t ime cooling curve 
at every point in the part. The validity of this approach is demonstrated by com- 
paring numerical predictions with experimental measurements on a three-dimen- 
sional rectangular aluminum block subject to a nonuniform spray cooling boundary. 

N o m e n c l a t u r e  

Ai = empirical constant 
cp = specific heat 
d = drop diameter 
d32 = Sauter mean diameter 
h~g = latent heat of vaporization 
k = thermal conductivity 
l = nozzle to surface distance 
n = number of drops of a particular di- 

ameter in a spray sample 
N = total number of drops in a spray sample 
Nu32 = Nusselt number based on Sauter mean 

diameter, (h d32/k) 
P = nozzle upstream pressure 
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Pr = Prandtl number 
q" = heat flux 
q',', .... = critical heat flux 
Q" = volumetric spray flux 
Re~ 2 = Reynolds number based on volumetric 

spray flux and Sauter mean diameter, 

( Q"d3211{f ) 
t = time 
T = temperature 
TL~.~d = Leidenfrost temperature 
7", ..... = surface temperature corresponding to 

tr 

q In*~lX 

•  = L - T ~ .  
A T, u ~ = Ysat - T f 
u = drop velocity normal to the quench sur- 

face 
U,,, = mean drop velocity normal to the 

quench surface 
X = distance measured along length of alu- 

minum block 
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Y 

Z 

= distance measured along width of alu- 
minum block 

= distance measured along height of alu- 
minum block from quench surface 

G ree k  S y m b o l s  

ot = thermal diffusivity 
v = kinematic viscosity 
p = density 
~r = surface tension 

= variable representing predicted value 
o f  O " ,  d32 , o r  U m 

Subscripts  

f = 
g = 

i = 

Leid = 
max = 
S = 

sat = 
s u b  = 

liquid 
vapor 
particular measurement in a spray sam- 
ple 
Leidenfrost 
critical heat flux (CHF) 
surface 
saturated 
subcooled 

Introduction 

Cost-effective fabrication of heat treated aluminum 
has led to the development of "press quenching" for 
the final cooling step of extruded alloys. During press 
quenching, the alloy is cooled by a deluge of water 
sprays immediately after exiting the die. Mechanical 
and metallurgical requirements impose limits on the 
rates at which aluminum alloys can be quenched by 
water sprays. The upper limit is set by the occurrence 
of plastic deformation which causes warping of the 
product, and the lower limit is set by an inability to 
develop the required metallurgical properties in sub- 
sequent heat treatment operations. In addition, if a 
product contains sections of differing thicknesses, it 
is unlikely that the optimum properties or desired 
final shape can be obtained throughout the cross sec- 
tion using sprays having the same flow rate [1]. At 
present a method for determining the spray nozzle 
location with respect to the surface and the volu- 
metric flux (volume flow rate per unit area) required 
for cooling a given alloy and geometry is not avail- 
able, and this causes much guesswork and trial and 
error in establishing an acceptable configuration for 
a production run. This day-to-day variation in quality 
usually results in a costly posttreatment consisting of 

additional heat treatment and straightening in order 
to meet product specifications. For example, it is 
estimated that 50% of the cost of posttreatment of 
aluminum extrusions is due to stresses thermally in- 
duced during the press quenching process. 

It is crucial that a method for optimizing the cool- 
ing rate for spray quenched aluminum parts based 
on their shape and desired metallurgical properties 
be developed if production cost is to be reduced and 
product quality to be improved. A schematic of such 
a method is shown in Figure 1. This method involves 
the synthesis of heat transfer and metallurgical data 
bases via a Computer Aided Design (CAD) system 
[1]. It is envisioned that a design engineer would 
submit the part specifications to the production en- 
gineer and would then utilize the metallurgical data 
base to determine the optimum cooling rate using 
the CAD system. Following a series of iterations 
utilizing its heat transfer data base, the CAD sys- 
tem would select a spray cooling configuration that 
would provide acceptable temperature-time cool- 
ing characteristics at every point in the quenched part 
and output the results in the form of nozzle types, 
locations, and operating pressures. The production 
engineer would then configure the spray chamber 
according to these recommendations. It is not too 
far-sighted to consider having a microprocessor ro- 
botically control the spray nozzle positions and op- 
erating pressures. 

Even without the robot control this process pro- 
vides many benefits to the metal fabrication industry. 
Initially, it will significantly decrease the costly set- 
up time and reduce the scrap resulting from the trial 
and error method of finding the correct quench rate. 
During production, it would also provide consistent 
material properties by inhibiting the variability of 
product quality associated with day-to-day human 
decisions, and virtually eliminate the posttreatment 
of the part to correct any distortions that may have 
occurred during the quench. Additionally, this pro- 

Fig.  1. S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  in te l l igent  spray  
quenching system [1]. 
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cess is well suited for small batch operations where 
pre- and postproduction costs are not as easily re- 
covered in the volume of parts produced. 

At the present time, a complete heat transfer data 
base for spray quenching is not available. If the ul- 
timate goals of improving metallurgical and mechan- 
ical properties and reducing thermal stresses during 
spray quenching are to be achieved, then research 
must be conducted that would characterize the heat 
transfer aspects of quenching and facilitate predicting 
the temperature-time cooling characteristics at every 
point in the part. 

The open literature includes findings from many 
spray cooling studies which were aimed at either de- 
veloping a fundamental understanding of the heat 
transfer mechanisms associated with the impinge- 
ment of spray drops on a preheated surface, or the 
practical design methodology for optimizing the spray 
cooling process. A comprehensive literature review 
by Brimacombe et al. [2] leads to the conclusion that 
volumetric spray flux, Q" has the strongest effect on 
the heat transfer rate during a quench, but there is 
much debate and confusion concerning the effects of 
secondary parameters such as surface temperature 
[3, 4, 5], nozzle exit velocity [6], nozzle to surface 
distance [7] and the spatial nonuniformity in heat 

flux attributed to these secondary effects. Reiners et 
al. [8] measured a 2000 W/m 2- K variation in the heat 
transfer coefficient over a distance of only 100 mm, 
and demonstrated that spatial nonuniformity in- 
creases with increasing volumetric spray flux. 

Most of the studies on spray quenching have been 
focused on the cooling of steel from very high tem- 
peratures. Consequently, most of the conclusions 
drawn from these studies pertain to the film boiling 
regime, a slow cooling process characterized by the 
formation of a thermally insulating vapor layer be- 
tween the liquid and the surface. This vapor layer is 
interrupted by partial wetting of the surface at the 
Leidenfrost point, the lowest temperature corre- 
sponding to the film boiling regime, following which 
quenching proceeds at a much faster rate. In the 
spray cooling of aluminum alloys, the surface tem- 
perature at the onset of the quench (T~ ~< 525 ~ C) 
may only be slightly higher than the Leidenfrost tem- 
perature and, with some powerful sprays, even lower 
than the Leidenfrost temperature. It is thus necessary 
that the entire quench (boiling) curve be character- 
ized for spray cooling of aluminum especially in the 
boiling regimes involving wetting of the surface (i.e., 
transition boiling and nucleate boiling) and, to a lesser 
extent, the low temperature liquid cooling regime. 

Table 1. Mudawar and Valentine's [9] Spray Quenching Correlations 

Boiling (Quenching) Regime Correlation ~'b 

Leidenfrost heat flux 

Transition boiling 

Critical heat flux 

Nucleate boiling 

Incipient boiling 

Single phase 

. . . .  

pg hjg Q" 

1 .255  ~ 3 

- 1"90 x 1 0 4 ( ~  ' ') ........ 3 [  '~ T j ] ] - ' _  T , / J  

q " ~  - 122.4 1 + 0.0118 
PehfgQ " \ P t /  \ p~hjg / 

T~.~ = 18 [(pgh/gQ") ( ~ )  ] ~  ~ ... . . . . . .  ss + T/ 

q " =  1.87 x 10 -5(T~ - L )  5s5 

T, = 13.43 Re " ~7 Pr '' ~23 + T r 
3~- t \d32/  

Nu32 = 2.512 Re% 7~ Pr)! ~ 

aThe units of the parameters used in these correlations are: q"(W/m-'), d32 (m), k(W/m. K), T ( K ) ,  U,,, (m/sec) and Q" (m ~ sec '/m-'). 
hRanges of experimental parameters associated with the development of these correlations are: Q" = 0.60-9.96 m 3 sec- ~/m z, d~2 = 

405-1351 ~m, U,,, = 10.9-26.7 m/see and T~. = 23-80 ~ C. 
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During the last four years, an investigation into 
the heat transfer aspects of quenching has been con- 
ducted at the Purdue University Boiling and Two- 
Phase Flow Laboratory. In a subtask of this effort, 
Mudawar and Valentine [9] generated heat transfer 
correlations for spray cooling which were based upon 
local values of three hydrodynamic spray parame- 
ters: volumetric spray flux, mean drop diameter, and 
mean drop velocity. These correlations are universal 
to all types of sprays and believed to be spatially 
independent since they are defined with respect to 
the local spray hydrodynamic parameters upon im- 
pingement onto the heated surface rather than up- 
stream conditions such as nozzle pressure, nozzle exit 
velocity, or nozzle-to-surface distance. Correlating 
data with respect to the latter parameters both ren- 
ders the correlation dependent upon the specific type 
of spray (e.g., full-cone hollow-cone, or flat spray), 
and preclude the determination of spatial variations 
in the heat transfer rate. Table 1 shows a summary 
of the heat transfer correlations developed by Mu- 
dawar and Valentine and details the range of values 
for each of the hydrodynamic parameters associated 
with these correlations. 

The present study is a continuation of the work 
by Mudawar and Valentine and constitutes the sec- 
ond step in the development of the optimized spray 
quenching system represented in Figure 1. Using Mu- 
dawar and Valentine's correlations between the local 
heat transfer rate and local spray hydrodynamic pa- 
rameters, the present study examines how these pa- 
rameters are distributed in a spray field, thus building 
the critical bridge from local to global determination 
of the heat transfer rate associated with spray cool- 
ing. This paper presents a systematic technique for 
predicting the temperature-time cooling character- 
istics at any point in a three-dimensional part and 
demonstrates the feasibility of this technique by com- 
paring numerical prediction with experimental meas- 
urements on a three-dimensional rectangular alu- 
minum block subject to nonuniform spray cooling on 
one side. 

the heat transfer rate from the quench surface of a 
three-dimensional part. These objectives demanded 
three separate experimental measurements as de- 
tailed in the following sections. 

Local Heat Transfer Measurements 

Local heat transfer measurements were obtained at 
various points within the spray field using a heating 
device which measures surface temperature and sur- 
face heat flux simultaneously. A steady state method 
was employed in these measurements to ensure the 
acquisition of accurate spray boiling data, especially 
near the critical boiling heat flux, q~x, where the 
cooling rate from the surface is at a maximum. This 
method involves balancing the heat transfer rate to 
the spray with energy supplied at a steady rate from 
a resistive electrical element embedded in the heating 
device, thus maintaining steady state conditions cor- 
responding to any point along the quench curve for 
the duration of data acquisition. 

The surface (quench) area of the heating device 
had to be small enough to ensure sensitivity of the 
measurement to spatial gradients in the heat flux. 
Both aluminum and copper heating devices were fab- 
ricated with quench areas of 0.50 cm 2 as shown in 
Figure 2. The thermocouples in the neck of the de- 
vice provided a temperature gradient which was used 
to extrapolate the surface temperatures as well as to 
determine the surface heat flux. Both materials 
measured identical boiling curves due to their high 
thermal conductivities as demonstrated previously by 
Mudawar and Valentine [9] and Baumeister and Si- 
mon [10]. Initial experiments proved the tempera- 
ture in the aluminum heating device in the vicinity 
of the resistive element was well above original es- 
timates due to the high heat fluxes associated with 
water sprays. Since pure copper is more resistant to 

Experimental Techniques 

The three main objectives of the present study are 
(a) to verify experimentally that the correlations de- 
veloped by Mudawar and Valentine are indeed spa- 
tially independent, (b) to characterize the distribu- 
tions of the spray hydrodynamic parameters and (c), 
to couple these distributions with the local heat trans- 
fer correlations to predict the spatial distribution of 

Fig. 2. Schematic diagram of the heat ing device used for 
obtaining local measurements  in the spray field. 
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oxidation and capable of withstanding higher tem- 
peratures compared to aluminum, copper was used 
exclusively for the local heat transfer measurements 
of the present study. The oxygen-flee copper main- 
tained a nearly constant thermal conductivity of 392 
W/m.K over the operating range of interest. The 
reader is referred to the paper by Mudawar and Val- 
entine for details concerning the accuracy of the heat 
transfer measurements and the validity of developing 
boiling correlations for aluminum and other conduc- 
tive materials based upon measurements obtained 
with the copper heating device. 

Measurement of Volumetric Spray Flux, Drop 
Diameter and Drop Velocity 

Measurement of the volumetric flow rate, Q", was 
performed with the aid of a 200 ml graduated cylinder 
having an inlet area of 1.0 cm 2. The heating device 
was removed from the test bracket and the cylinder 
mounted on the bracket so that the inlet to the cyl- 
inder was at the same location as the surface of the 
heating device. The time required to fill the cylinder 
was measured, and Q" was calculated by dividing the 
volume of water in the cylinder by the fill time and 
the area of the cylinder inlet. The local spray flux 
measurements ranged from near zero just outside of 
the spray boundary to a maximum of 3 • 10 -3 m 3 
sec-1/m2 near the center of the harshest spray. 

Every type of nozzle used produced a different 
drop size spectrum. Changing nozzle pressure also 
altered the distribution of drop sizes for each nozzle. 
The present measurements demanded a method for 
determining a representative drop size at specified 
location in the spray for each nozzle and pressure. 
The Malvern Particle Sizer having a drop size meas- 
urement range of 2 to 1800 Ixm was utilized for this 
purpose. As the nozzle sprayed water across the laser 
beam of the Malvern system, a cone of light was 
diffracted behind each drop. The angle of diffraction 
for each of these light cones depends only on drop 
size regardless where the drop is located in the laser 
beam; the smaller the drop, the wider is the angle 
of diffraction. Diode rings detected the diffracted 
light cones corresponding to a range of drop sizes; 
the more drops of one size range in the beam, the 
more intense the light was upon its related diode ring. 
Several statistical diameters called mean diameters 
(including the Sauter mean diameter d32 used in the 
present study) were calculated at the completion of 
a data run. Unfortunately, the Malvern spatial de- 
tection method precluded measurement of drop ve- 

locity and could not account for velocity in calculat- 
ing the statistical diameters. 

Drop velocities were measured using a two-di- 
mensional grey scale optical array imaging probe which 
utilizes a temporal technique to measure the diam- 
eters and velocities of drops as they pass through an 
illuminated window of slicing planes. The first slice 
is defined as the time when the first photodiode is 
shadowed by the approaching drop, and the last slice 
is the time when the last shadow is detected after 
the drop has passed the illuminated window. Assum- 
ing the drop is spherical, the diameter is then re- 
corded as the point when the largest shadow is de- 
tected. The time difference between the last slice and 
the first slice can then be calculated by dividing the 
number of slices that occurred through the drop by 
the slice rate. Once the diameter of the drop and the 
time it takes to pass through the slide plane are known, 
the velocity is simply determined as the diameter 
divided by the time. 

Three-Dimensional Measurement of 
Temperature-Time Cooling Characteristics 

A highly instrumented preheating enclosure was de- 
veloped to measure the transient temperature re- 
sponse of an aluminum block subject to a nonuni- 
form spray cooling boundary. The block geometry 
was based on a numerical analysis of the quench 
transient and several design criteria. Since the tem- 
perature measurements were transient, it was nec- 
essary to ensure that the quench rate experienced by 
the block be several times slower than the time con- 
stant of the thermocouples. One method of slowing 
the quench rate was to decrease the thermal capac- 
itance (i.e., mass) of the block. It was also desired 
that the surface of the block exposed to the spray be 
large enough to facilitate detecting the spatial vari- 
ation in heat flux associated with the nonuniform 
spray field, yet small enough that no significant por- 
tions of the surface were outside of the spray field 
where the heat transfer coefficient could not be ac- 
curately defined. Since flat (oval pattern) sprays are 
commonly used for quenching aluminum extrusions, 
a rectangular surface was chosen which was com- 
pletely contained within the spray field. The block 
size was also limited by the power of the electrical 
heating element required to bring the mass of alu- 
minum up to test temperature in a reasonable time 
period. As many of the materials used in the heater 
construction were near or slightly over their maxi- 
mum temperature limits for some tests, it was de- 
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cided to reduce the risk of burning these components 
by minimizing the heat-up period. 

The block was fabricated from 99.4% aluminum 
(1100-0 series) since the thermal properties of this 
material could be carefully determined. The prob- 
lems associated with using aluminum described for 
the steady state heating device used for local meas- 
urements were less significant with the block enclo- 
sure because the latter did not maintain very high 
temperatures for any significant time duration. 

A schematic of the block preheating enclosure is 
shown in Figure 3. The block consisted of a 6.0 x 
11.9 x 10.5 cm ~ rectangular aluminum block which 
provided a quench surface area of 71.9 cm 2. Tran- 
sient block temperatures were measured with 14 type- 
T thermocouples made from 0.127 mm wires and set 
in 0.711 mm diameter  holes drilled in planes parallel 
to the surface so as to minimize disturbance to iso- 
therms. Type-T thermocouples were selected for their 
fast temperature response compared to all other 
common thermocouple types. A time constant of 0.20 
msec was calculated based on an effective thermo- 
couple bead diameter  of 0.51 mm. In measuring the 
fastest cooling rate detected in the present study 
(approximately 225 ~ C/sec), thermocouple response 
(based on four time constants) was estimated to lag 
the true temperature by 0.2 ~ C. To further enhance 
the transient response, special care had to be taken 
during installation of the thermocouples to ensure 
excellent contact between the aluminum and the 
thermocouple bead. 

Thermocouples were installed at two different 
planes within the block as shown in Figure 3. The 
layout of the thermocouple locations was chosen so 
as to maximize the sensitivity of the measurements 
to spray cooling nonuniformity. On the plane closest 
to the surface, temperatures were sensed at the cen- 
ter and near the corners of the block. One quadrant 
was more finely instrumented to detect small gra- 
dients in the surface heat transfer rate between the 
central axis and the edge. A fewer number of tem- 
perature probes were installed in the plane midway 
into the block since plan-wise temperature variations 
were dampened at that depth, causing a marked de- 
crease in spatial sensitivity to surface temperature 
nonuniformity. An additional thermocouple was 
placed at the geometrical center of the block 2.5 cm 
from the bottom. This thermocouple was used for 
safety, to monitor the temperature in the block dur- 
ing preheating, and to establish when the block tem- 
perature had become uniform. 

The heater casing was constructed out of G-7 fi- 
berglass, a good insulating material capable of with 

Fig. 3. Sectional views of the three-dimensional aluminum 
block and preheating enclosure. 

standing surface temperatures as high as 400 ~ C for 
short durations. Thermal insulation around the block 
was further enhanced by a 0.64 cm air gap which 
minimized aluminum contact with the G-7. The G- 
7 collar was machined with a 45 deg fillet, leaving a 
0.32 cm gap at the top interface with the aluminum 
to permit expansion of the block, The void left at 
the interface was filled with silicone rubber to seal 
the aluminum block and heater  from the harsh spray 
environment.  Additionally, the entire exterior of the 
G-7 casing was coated with a thin layer of the silicone 
rubber to prevent water from penetrating the casing. 
A heater  lid was used during preheating to shelter 
the aluminum surface from the spray until the desired 
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initial temperature had been reached uniformly 
throughout the block. The lid was removed quickly 
from the side at the onset of quench data acquisition, 
providing a nearly instantaneous application of the 
spray cooling boundary over the entire surface. 

R e s u l t s  a n d  D i s c u s s i o n  

Verification of the Spatial Independence of the 
Heat Transfer Correlations 

The first objective of the present study was to verify 
that the correlations developed by Mudawar and Val- 
entine [9] were indeed spatially independent. To 
achieve this objective, a series of experiments were 
conducted using the smaller steady state heating de- 
vice, Figure 2, and several carefully selected spray 
nozzles which were operated at various pressures and 
located at various distances from the quench surface. 
The water spray temperature was held constant at 
23 ~ C for the entire investigation. 

Mudawar and Valentine correlated the heat trans- 
fer characteristics of a spray using local hydrody- 
namic parameters (i.e., Q", d32, and Urn). To simplify 
and reduce the size of their data matrix, all their 
local measurements were limited to the center of 
each spray. The present investigation involved sim- 
ilar local measurements, but obtained throughout the 
spray field. Figure 4 shows a quench curve obtained 
for a flat spray having the spray parameters Q" = 
1.60 • 10 -3 m 3 sec-Vm e, d32 : 148 I~m and U m = 

19.6 m/sec, which were measured at the position of 
the heating device, along the large axis of the oval 
spray field but away from the central axis. 

Figure 4 shows agreement between the measured 
and predicted values even though the drop diameter 
(148 txm) is well below the range of diameters (405- 
1351 ~zm) recommended for using the correlations 
(see Table 1). Hence, local quench curves can be 
generated for every point on the quench surface us- 
ing these correlations once the distributions of Q", 
d32 and Um are determined. 

Spatial Distribution of Spray Hydrodynamic 
Parameters 

By obtaining local measurements of Q", d32, and U m 
at selected locations in the spray field, as shown sche- 
matically in Figure 5, a spatial distribution can be 
generated for each of these parameters. A plot of 
Q" for a fiat (oval) spray as a function of X and Y 
corresponding to the quench surface of the aluminum 

E 

10 8 

107 

10 9 

10 5 

10 

. . . . . . . .  l . . . .  

Flat Spray 
X =-SA cm 
Y = 0.0 cm 

E] Exper~mentaIdata 

- -  Predicted boiling curve  
based upon measured Q*, 
d32, and Um distributions 

_ _ ~ 1 1  m 2 
/ I % ~ 148 
- I Um = 19.6 m/s 

. . . . . . . .  i . . . . . . . .  

100 1000 

aT, ur (*C) 

Fig. 4. Measured boiling curve compared with predictions 
based upon measured local hydrodynamic parameters. 

Fig. 5. Local hydrodynamic measurements made at dis- 
crete locations in the spray field. 

block reveals a three-dimensional bell shaped curve 
as shown in Figure 6. The origin of the three-di- 
mensional plot is located directly below the nozzle 
orifice. This is usually the location of highest volu- 
metric flux. An exponential function of X and Y was 
found to represent well the asymmetric three-di- 
mensional distribution of Q" data shown in Figure 6 
and the corresponding distributions of d32 and Urn, 
as well as the distributions of these parameters for 
other spray types and conditions. The function has 
the form: 

q t ( X  ' y) : A,,e~A,x § A 2 Y  + A ] X  2 + A ~ , X Y  + AsY2) ( 1 )  

where �9 represents Q", d3~, or Urn. Using the least 
square method of reducing deviation to determine 
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Fig. 6. Measured spatial distribution of volumetric spray 
flux. 

the constants A0 through A 5, the best fit of Eq. (1) 
to the volumetric flux data is illustrated in Figure 
7(a). It is important to note that the curve fit is not 
sensitive to all of the irregularities in the volumetric 
flux distribution. It does, however, provide a good 
approximation to the local flux over a large portion 
of the sprayed surface area. 

The mean drop diameter and drop velocity did 
not exhibit the steep gradient from the center to the 
edge of the spray that volumetric flux did. However, 
Eq. (1) demonstrated flexibility in representing these 
relatively flat distributions as well. Only a limited 
number of data points were necessary for the de- 
velopment of distribution functions for Sauter mean 
diameter, Figure 7(b), and mean drop velocity, Fig- 
ure 7(c), compared to volumetric flux since the dis- 
tributions of the former parameters were void of lo- 
cal excursion. 

Recent studies by the authors have demonstrated 
the flexibility and universal applicability of Eq. (1) 
to fitting Q", d32 , and U,, data for many types of flat, 
full cone, and hollow cone sprays. 

Numerical Simulation of  the Temperature 
Distribution in the Aluminum Block During the 
Quench 

The physical domain of the aluminum block used in 
the transient cooling experiment was simulated using 
PHOENICS, a commercially available finite differ- 
ence software package. The material properties were 
input as functions of temperature and, as such, were 
allowed to vary during the transient response of the 
block to the quench. 

The geometry was discretized nonuniformly by 
uniquely specifying locations of each grid in the X, 
Y, and Z directions as shown in Figure 8. The dashed 

Fig. 7. Exponential curve fits to measured distributions of 
(a) volumetric spray flux, (b), Sauter mean diameter, and 
(c) mean drop velocity. 

lines in this three-dimensional view represent the 
control volume interfaces. In the X and Y directions 
grids were first selected to coincide with thermocou- 
ple measurement locations. Afterwards grids were 
added to smooth out the discretized domain, making 
it as equally spaced as possible. In the Z direction, 
which is the primary direction of heat flow, grids 
were spaced very finely near the sprayed surface, 
where large temperature gradients were expected, 
and more coarsely near the bottom. The grids closest 
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every quench boundary node. The boiling curve was 
saved in computer memory so that, for the remainder 
of the calculations, knowledge of the boundary grid 
temperature alone would be sufficient to calculate a 
convection coefficient for that location. 

The other five sides of the aluminum block were 
insulated in the actual experiment. However, the in- 
sulation was less than perfect, and some heat was 
lost through these boundaries. A simplified one-di- 
mensional numerical model showed that, within the 
60 sec window of the quench, the low conductivity 
of the insulation precluded any significant contri- 
bution of the insulating walls to heat dissipation from 
the block. Therefore, these boundaries were as- 
sumed perfectly insulated in the three-dimensional 
numerical simulations of this study. 

Fig. 8. Discretized three-dimensional aluminum block 

to the measurement planes were modified to exactly 
coincide with these locations. The time domain was 
discretized using a power law function with an ex- 
ponent of 2. Initially a very fine time domain was 
needed since temperatures were changing rapidly. 
The first run would take 100 time steps for a total 
elapsed time of 10 sec. Following the sharp initial 
transient, larger time steps were simulated for 50 sec 
more. The initial condition for the simulation was a 
uniform block temperature which was measured just 
prior to the onset of the quench (i.e., before the lid 
was removed to expose the block surface to the spray). 

The three-dimensional temperature distribution 
in the block was obtained by solving the heat dif- 
fusion equation 

a2T O2T O2T 1 aT 
- -  + + ( 2 )  
a X  2 - ~  OZ 2 oL at 

where a is the thermal diffusivity of aluminum. This 
equation was solved using PHOENICS by approxi- 
mating the partial derivatives with finite difference 
equations. 

The spray convection coefficient was calculated 
uniquely for each boundary grid. During the first 
numerical iteration, the location of each quench 
boundary grid relative to the central grid point set 
the local values of Q", d3z, and U,, based upon math- 
ematical distribution functions developed for the par- 
ticular spray configuration being simulated. By sub- 
stituting the local values of the spray parameters in 
Mudawar and Valentine's local heat transfer corre- 
lations, a unique boiling curve was determined for 

Comparison of Numerical and Experimental 
Results for the Transient Response of the 
Aluminum Block 

The aluminum block was quenched by a flat spray 
having a spray angle of 51 deg, issuing with a back 
pressure of 551 kPa from a nozzle located 30.56 cm 
above the quench surface. This particular spray noz- 
zle was selected for its large excursions in Q", causing 
the Largest deviation in the exponential curve fit for 
Q" from experimental data compared to any other 
nozzle examined. 

Figure 9 shows a comparison of the measured and 
predicted transient temperature response for two 1o- 
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Fig. 9. Comparison of measured and numerically predicted 
temperature-time quench characteristics along the central 
axis of the block. 
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cations along the central axis (X = 0, Y = 0) of the 
aluminum block 3.2 and 53.4 mm below the quench 
surface. The predicted response is in excellent agree- 
ment for the latter point. Near the surface, there is 
good agreement during the first second of the re- 
sponse which corresponds to the transition and nu- 
cleate boiling regions largely responsible for deter- 
mining the metallurgical properties of aluminum alloys 
during extrusion processes. 

A deviation of the numerical predictions from the 
measured temperatures begins approximately when 
the convective boundary condition becomes domi- 
nated by single-phase liquid cooling which, as men- 
tioned earlier, is insignificant to materials processing 
since the transition from nucleate boiling to single- 
phase liquid cooling occurs at very low surface tem- 
peratures. Small deviations in predicting temper- 
atures corresponding to the single-phase regime 
occurred in experiments involving other types of spray 
nozzles as well. There are several possibilities for the 
source of this deviation. Although both the small 
steady state heating device used to develop the local 
quench correlations in Mudawar and Valentine's study 
and the large aluminum block used in the present 
study allow a liquid film to build up on the sprayed 
surface, the small surface area of the steady state 
heater is insufficient for heating the film as it moves 
across the surface. In the transition and nucleate boil- 
ing regimes it is expected that individual drops im- 
pact the surface and vaporize. Thus, there is little 
film buildup and heating and both measurements 
should provide nearly identical results. However, in 
the single-phase cooling regime the water drops lose 
their sensible energy upon impact but do not evap- 
orate. Following impact, the drops coalesce with other 
drops to form a liquid film which flows across the 
sprayed surface. In the case of the large block, the 
film heats up as it moves towards the edge of the 
heated surface, rendering the convection due to drop 
impingement away from the central axis of the block 
less effective. The steady state heating device cannot 
account for the liquid film heating, therefore, the 
measured heat transfer rate is higher than that ex- 
perienced by the three-dimensional block. This phe- 
nomenon may account for the faster transient re- 
sponse predicted by a numerical simulation which 
utilizes correlations for the quench surface based upon 
heat transfer results obtained with the steady state 
heating device. 

Another reason for the small deviation between 
measured and predicted values is that the quench 
boundary conditions for the numerical results were 
based upon the exponential curve fits and not the 
true distribution of the spray hydrodynamic param- 

eters. The agreement between the measured and pre- 
dicted results is in fact an indication of the feasibility 
of the new technique considering that, for the par- 
ticular test represented in Figure 9, the average ab- 
solute deviation of the exponential curve fit of the 
volumetric spray flux was 30.3% with local excur- 
sions as high as 50%, the highest deviation and ex- 
cursion values encountered by the authors. 

Figures 10(a) and (b) show comparisons of the 
measured temperatures and the corresponding nu- 
merical predictions for several locations along the 
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Fig. 10. Comparison of measured and numerically pre- 
dicted temperature-time quench characteristics near the 
quench surface at the points (a) (0, 0, 0.32 cm) and (0, 2.2 
cm, 0.32 cm); and (b) (-5.2 cm, 0, 0.32 cm) and (-5.2 
cm, 2.2 cm, 0.32 cm). 
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major and minor axes of the spray field and near the 
quench surface. Since this is a flat spray oriented 
lengthwise along the quench surface, the largest var- 
iation in the heat transfer coefficient occurs across 
the width of the sprayed surface where the volu- 
metric spray flux changes most drastically. The nu- 
merical predictions, although slightly deviant from 
data in the single-phase regime, are quite accurate 
in the transition and nucleate boiling regimes and 
follow the measured trends of decreasing cooling rate 
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Fig. 11. Comparison of measured and numerically pre- 
dicted temperature-time quench characteristics away from 
the quench surface at the points (a) (0, 0, 5.24 cm) and 
(0, 2.2 cm, 5.24 cm); and (b) ( -5 .2  cm, 0, 5.24 cm) and 
( -5 .2  cm, 2.2 cm, 5.24 cm). 

from the centerline (Y = 0.0 cm) to the edge of the 
block (Y = 2.2 cm). Figures l l(a) and (b) show 
excellent agreement between measured and pre- 
dicted values for points away from the quench sur- 
face corresponding to X and Y locations identical to 
those of Figures 10(a) and (b), respectively. 

It is important to note that, in all the experiments 
performed by the authors, the predicted quench rates 
were most accurate in the transition and nucleate 
boiling regimes which are most critical to the met- 
allurgical properties of the aluminum part. 

The numerical predictions of the present study 
prove that the combined use of the spray cooling 
correlations developed by Mudawar and Valentine, 
and the exponential curve fits to the hydrodynamic 
parameters of the spray, is a feasible approach to 
predicting the quench rates of aluminum products 
and to the optimization of spray cooling for more 
complex shapes as illustrated in Figure 1. 
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