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Abstract - Experimental study has been carried out to
investigate transient quenching of rotary hollow cylinder by
subcooled water impinging jets (ATg,;, = 55-85K) in 1-row
and 2-row inline array. The flow rate of water jets varied from
2.7 to 109 L/min, impinging on hot rotary cylinder
(T; =600°C) with rotation speed 10-50 rpm and different
curvature ratio (D,/d = 12, 19 and 24). The local average and
maximum boiling heat transfer at water jet’s stagnation point
revealed effect of studied quenching parameters and multiple
jet arrays in the boiling heat transfer. The result showed
among the studied parameters, jet's flow rate and curvature
ratio influenced heat transfer in all the boiling regimes.
Rotation speed was effective in film and transition boiling
regime and strong effect of subcooling was captured in the
transition boiling regime. The characteristics of maximum
heat flux point in the boiling curve were found to be dependent
on the studied quenching parameters as well as array of
nozzles. Multiple jet arrays had effect on the spatial variation
and rate of boiling heat transfer on quenching surface. The
heat transfer enhancement by larger number of rows, i.e. 2-
row array, was studied based on two approaches of constant
single jet’s flow rate and array’s total flow rate. The result
shown better heat transfer performance is achieved by
increasing number of row in the array while the total flow rate
is constant. It was found that by impinging constant water flow
rate into the jets, 2-row array with twice the number of
impinging jets enhanced heat transfer significantly in film and
transition boiling regime in combination with other quenching
parameters.
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1. Introduction

More advanced controllable quenching techniques
are of interest in the metal industry to optimize the
efficiency of cooling processes resulting in improved
material properties and quality. Among the cooling
methods that are used, quenching hot metal surfaces by
water impinging jet is one of the best-known and
effective methods. In solid-liquid contact over the
quenching surface, boiling phenomena occur and
introduce various boiling regimes during the cooling
process.

In the water impinging technique, the water jet’s
flow is impinged toward the hot surface and experiences
constraint by the surface resulting in changing flow
direction into a wall-jet shape. In the first moments,
water flow is deflected to surroundings due to very large
temperature difference between solid and liquid. The
surface temperature around the stagnation point of
impingement drops very fast and a circular wetted zone
is formed over the surface. By passing the resident time
[1], the wetted zone surrounding the stagnation region
of water jet starts to grow while its edge experiences
nucleate and transition boiling condition [2]. Further in
radial distance from stagnation point, annular transition
zone (also known as wetting front region [3]) exists
where water flow is splashed away as water drops are in
contact with the hot dry zone [4].



In the study of boiling heat transfer and its
characteristics on quenching a flat surface by single
water impinging jet, various parameters need to be
considered. Some of the reported important parameters
are liquid subcooling [5], impinging jet diameter [6, 7],
single water jet flow rate [5, 8], material properties of
quenching surface [9], initial temperature of quenching
[10] and jet-to-surface spacing [5, 8]. In real conditions
in the metal industry, quenching is often applied on
moving hot metal product on the run-out table which
introduces surface moving speed as an additional
parameter [11]. This causes the wetted and wetting front
(WF) region to become asymmetric by hydraulic jump in
one side of wetting front region [12]. In practice, in order
to apply the water jet quenching technique, several
water jets are needed to be placed in multiple array to
cover large hot surfaces. Vakili and Gadala [13]
performed quenching experiment on a moving hot flat
surface by in-line and staggered arrays of nozzles and
showed that lowest spatial variation of cooling occurred
with staggered arrays of jets. They also reported lower
surface heat flux by increasing surface moving speed in
high entry temperature.

Despite the good literature on the quenching of hot
flat surfaces, few research studies performed quenching
on a cylinder surface by single water jet. Quenching such
geometry represents boiling phenomena over a convex
surface. In practice, rotation exists on run-out table
which introduces new features in the hydrodynamic of
boiling. The surface experiences cooling under the
wetted and wetting front regions and then enters a dry
zone where temperature recovery occurs due to internal
conduction heat transfer inside material until the surface
approaches the wetted and wetting front region in the
next revolution cycle. This characteristic leads to cyclic
fluctuation of heat flux depending on rotation speed of
cylinder and its footprint is found in the boiling curve
[14, 15]. The similarity between growth of wetted region
and wetting front over rotary cylinder and moving flat
surface is the hydraulic jump on one side and stretched
wetted and wetting front regions in the moving direction
[16,17].

Similar to quenching of large flat surface, multiple
jet array is required for quenching of large and long
tubes and bars in practice. There are only a few studies
that have investigated hydrodynamics of boiling
phenomena and heat transfer characteristics affected by
the quenching parameters. Jahedi and Moshfegh [18]
studied quenching of a rotary cylinder by 1-row array of
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subcooled water jets and reported temperature and
cooling rate variation near the surface influenced by
water jet flow rate, subcooling, impingement impact
angle, rotation speed, initial quenching temperature and
jet-to-jet spacing, which is the new parameter in the
quenching technique. Smaller spacing between jets (S/d
< 4) provides more uniform cooling rate over the
quenching surface. But larger spacing creates better
interaction between neighbor jets, and results in high
cooling rate region in this zone.

In the interaction zone, WF of neighboring jets
collide with each other thus forming upward fountain
flow, a mechanism to discharge WF from the surface. In
a recent study, Jahedi and Moshfegh [19] investigated
hydrodynamic phenomena of interactions between
water jets over rotary cylinder quenched by 1-row and
2-row in-line multiple jet arrays and presented two
types of interactions between jets; lateral upwash flow is
formed by WF interaction of neighbor jets in 1-row array
and secondary interaction occurs in 2-row configuration
of nozzles between WF of jets in adjacent rows which is
called longitudinal upwash flow. They reported the
discharged mechanism behavior led to high surface heat
flux in the lateral upwash flow zone, which is in
agreement with the previous studies on flat surface
quenching [13, 20]. They also studied quenching
parameters’ influence on average heat transfer over
quenching surface, local heat transfer at stagnation point
of water jet and lateral upwash flow point in the 1-row
multiple jet array.

From the above-mentioned literature, only a few
studies have been carried out on quenching of convex
surfaces by multiple pitch of water jets (1-row pitch).
Therefore for this study, authors intended to present the
experimental results on 1-row and 2-row in-line arrays
of water jets on the quenching of rotary cylinder (convex
surface) to provide better understanding of the effect of
multiple arrays together with quenching parameters on
the local boiling heat transfer.

2. Experimental Procedure
2.1. Experimental Setup

Fig. 1 presents a schematic of the experimental
setup and nozzle configuration with respect to
temperature measurement points. 1-row and 2-row in-
line multiple jet arrays of subcooled water impinging jets
were used to quench a hollow cylinder. Test specimen
was rotated during the quenching experiment to mimic
actual condition of run-out table in industry.



Temperature data was acquired by grounded N-type
thermocouple with 0.75 mm probe diameter mounted in
two different depths (R, and R;) in the hollow cylinder
near the quenching surface (R3). DAQ system connected
to LabVIEW program monitored and recorded
temperature and water flow rate signals during the
experiment. Water temperature in the tank was
regulated by water cooler and heater in an internal
circulation. Regulation and measurement of water flow
rate in the piping system was done by water pump and
magnetic flow meter respectively. Rotation speed of

hollow cylinder was adjusted by controller of servo
motor. When initial quenching temperature reached
slightly above 600°C in the heating process by induction
heater, the LabVIEW program was able to send pulse
signal to solenoid valves to switch water flow from
internal circulation toward multiple arrays of impinging
jets. Full description of experimental process of the
quenching has been reported by Jahedi and Moshfegh
[18].
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Fig. 1: Schematic of experimental set-up and temperature measurement configuration.

In this study, effect of various parameters of
quenching was investigated on cooling of the rotary
hollow cylinder impinged by 1-row and 2-row array of
multiple water impinging jets. Table 1 shows designed
range of the parameters investigated in this study.

Table 1: Designed parameters in the experimental

study.
Parameter Range Unit
Q 2.7,5.4,10.9 L/min
ATgyp 55,75,85 K
D,/d 12,19, 24 -
w 10, 30, 50 rpm
N 1,2 -
array In-line -

The round jet diameter (d) was 8 mm with jet-to-
wall spacing H/d = 1.5, jet-to-jet spacing S/d = 6 and the
angles a and 6 in the configuration were 45 and 90°,
respectively. The hollow cylinder’s outer diameter (D,)
was 96, 152 and 192 mm with the outer to inner
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diameter ratio D,/D; = 1.56, 1.59 and 1.54 respectively
and length L =173 mm, see Fig. 1. N stands for number
of rows an appellation Row A was used in the 1-row pitch
and Row A and B were applied in the 2-row in-line array.
The maximum uncertainty of calibrated thermocouple
sensor and data acquisition system was +1.1% at a
temperature of 100°C. The uncertainty of thermocouple
sensor location, water flow rate and water temperature
were *4.6, 1.4 and £4.7%, respectively.
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Fig. 2: Configuration of multiple impinging jets arrays;
1-row array (Row A) and 2-row array (Row A and B).
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2.2. Data Reduction

In order to understand hydrodynamic phenomena
of boiling and effect of the parameters on quenching heat
transfer, studying the surface heat flux and temperature
is of interest since boiling occurs on quenching surface
when liquid and solid interact with each other. Surface
temperature  measurement is  challenging as
temperature sensors may disturb water flow field on the
surface or cannot withstand harsh conditions during the
heating and cooling process. One way to overcome this
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problem is to apply an inverse solution technique to
determine the surface temperature and heat flux. In this
study, the generalized minimal residual method
(GMRES) [21] developed by Jahedi, et al. [15] for
application of quenching rotary hollow cylinder by water
impinging jets was used. In this inverse problem
technique, recorded interior temperature data of
cylinder at two different depths from quenching surface
(line R, and R,) is applied as input into the GMRES
method to predict surface temperature and heat flux at
line R, see Fig. 1.

In order to calculate average heat transfer in the
boiling regimes, Leidenfrost temperature was calculated
based on reported value by Jahedi and Moshfegh [19].
Local maximum heat flux (MHF) and corresponding
temperature (Typr) are obtained from boiling curve
(Fig. 3) and time to reach this point (tyyp) is extracted
from the heat flux graph. Since MHF is shifted from
nucleate boiling toward higher temperature level by
some parameters, the corresponding temperature to
CHF in onset of nucleate regime is picked up from the
boiling curve of experiments where no higher heat flux is
captured in lower temperatures in the nucleate regime.
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Fig. 3: Boiling curve at stagnation point of central jet in
1-row array pitch (Q = 5.4 L/min, w = 50 rpm, AT, =
55K,D,/d=24, N=1,5/d=6,H/d=3,T; = 600 °C.
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The jet flow rate is a key parameter in the
impinging jet technique, which can be implemented as U;

into the surface heat flux to convert it to a dimensionless

parameter  (qgug/PwhrgU;). This  dimensionless
parameter relates impingement heat transfer

performance to the impinging flow rate in the array and
multiple array configuration.



In the impingement of water into the multiple
array, the relation between the total flow rate (Q¢¢q;) in
the array and jet’s flow rate becomes

Qtotar =1 Qj , (2.1)
Where n is number of jets in the array and
wd? (2.2)
G=U7

The relation in Eq. (2.1) can be evaluated within
two approaches in term of impingement cooling of
multiple arrays. The first approach focuses on the
individual jet’s flow rate in the array (Q;) by keeping it
constant in various multiple arrays. As a result Q;pta;
becomes double as number of jets in the 2-row array are
twice compare to 1-row array. However, in the second
approach, Q;,¢q;, is kept constant in the arrays, which
leads to decrease of @ in each individual jet in the 2-row
compare to 1-row array.

3. Results and Discussion
3.1. Multiple Array of Jets

In the study of boiling heat transfer by multiple
water impinging jets, it is important to evaluate the heat
transfer performance of multiple array (qgyq/pwhsqU;)
by two approaches which are described in the Section
(2.2). Fig. 4 presents only small increase of heat transfer
performance over the cooling area, Ar, in the first
approach (Q; =constant) with twice of number of row in
the array (twice Q¢y¢q;)- However, the result of second
approach (Q;ytq; =constant) shows the combination of
extended wetted region by larger N and smaller Q;
enhances the heat transfer performance significantly.
This result shows that enhancement of average boiling
heat transfer in the multiple array configuration is not
proportional with increase of total flow rate in the array
and therefore it does not always lead to increment of the
heat transfer performance by multiple array.
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Fig. 4: Effect of multiple jet arrays on heat transfer
performance (q4y4/pwhsgU;) in experiments with

T, = 600°C, w = 50 rpm, ATy, = 75 Kand D, /d = 24.

In more detailed analysis, local cooling rate
variation in time is important as it can be compared with
desired cooling curve in the CCT diagram of quenching.
In this manner, Fig. 5 presents surface heat transfer
performance of various quenching experiments with 1-
row and 2-row array for the studied two approaches. The
MHF is achieved with large time delay at the stagnation
point (x/d = 0) and upwash flow point (x/d = 3) in the
1-row array in Fig. 6a. In the 2-row array, the poor
cooling area in onset of boiling is suppressed in
experiments within approach one (Fig. 7b) and is almost
vanished within approach two (Fig. 8c). This result show
the importance of the multiple array configuration and
coverage of boiling surface with more nozzles in the
array. The heat transfer performance (qgyq/pwhsqU;)
enhances to the peak value and drops significantly in a
shorter time with 2-row array compare to 1-row array in
both approaches, which is a proof of improvement of
cooling in term of quenching time duration with 2-row
multiple array. In the 2-row array, higher heat transfer
performance is obtained in the second approach where
U; decreases 50% while the quenching area is extended.
In the study of various D,/d in hollow cylinder, author
captured very similar trend of heat transfer variation
over A with 1-row and 2-row arrays. However, the time
delay to onset of surface heat flux enhancement was
reduced gradually and higher heat flux rate was achieved
with smaller D,/d. It may be concluded that there is a
tradeoff between the multiple array configuration and
the flow rate of impinging water into the jets array to



optimize the cooling rate in terms of local and average
boiling heat transfer over the quenching surface.
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Fig. 9: Effect of multiple array configuration on surface
heat transfer performance: (a) 1-row (¢; = 5.4 L/min

g “l

and Q¢ptqr = 16.2 L/min); (b) 2-row, Q; = 5.4 L/min;
(c) 2-row, Qtptqr = 16.2 L/min in experiments with T; =
600°C, w = 50 rpm, ATy, = 75K, D, /d = 24.

3.2. Water Jet Flow Rate

The rate of water flow from each individual
impinging jet (Q) has been of interest in the local boiling
heat transfer in previous studies. The result in Fig. 10(a)
reveals that Q has noticeable influence on local boiling
heat transfer, q" 4,4 at x5, in all boiling regimes; higher
Q enhances q"4,; monotonically in 1-row and 2-row
multiple arrays in good agreement with similar reported
behavior in quenching rotary cylinder (D,/d = 12) by 1-
row array [19].
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Fig. 10: Local boiling heat transfer’s variation at x; 4 by
water jet’s flow rate (a) " 4y4; (b) MHF parameters
(T; = 600°C, w = 50 rpm, ATy, = 75K, D,/d = 24).

Noticeable result is obtained by looking into effect
of pitch and jet flow rate while Q;,t4; remains constant.
Increased number of rows in pitch N= 2
enhances q" 4,4, by an average 90% compared to 45% by
two times more Q in 1-row array at x4 in the transition
regimes. But in the nucleate boiling strong effect of pitch
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vanishes and the enhancement of average heat flux
becomes 10% by greater N compared to 19% by two
times Q in 1-row array. These values become 56% and
27% enhancement by N and Q respectively in the film
boiling. This result reveals two times more effect of pitch
than Q in the film and transition boiling and less effect in
the nucleate boiling regime. Result in Fig. 10(b) shows
higher jet flow rate increases q" yyF at x5 4 in both arrays
and this is in agreement with the result of single jet
experiment [16]. Temperature corresponding to MHF
increases by higher Q in the 1-row array. This is caused
by higher jet flow rate which creates shoulder of flux [22]
in the transition boiling and therefore MHF occurs at
higher temperature in the boiling curve. The Ty yr is
effected differently where higher Q has little effect to
move the MHF point toward lower temperature in
boiling curve. The time to reach MHF point (tyyr)
decreases drastically by higher jet flow rate in both
arrays of jets. The reduction in the time becomes more
pronounced in the 1-row jets due to creation of shoulder
of flux in transition boiling by higher Q which leads to
shorter time to reach MHF at x,; 4. In agreement with the
result in section 3.1, the result shows more dominant
influence of multiple array than single jet flow rate (Q) in
the local boiling heat transfer.

3.3. Water Subcooling

Fig. 11(a) presents result of investigation on q" 4,4
at xsg influenced by water subcooling (ATg,;). In the
general trend, a slight increase is seen on local average
heat flux in the film boiling. In the transition regime,
dependency of q"4,4 on subcooling is observed more
clearly; enhancement of q"4,, by higher AT, is more
pronounced in 75 < AT, in 1-row array. Similar to the
film boiling, slight enhancement is captured in the
nucleate boiling by subcooling in both impingement
arrays. The different behavior of q",,4 in the boiling
regimes is in agreement with previous study on single jet
by Gradeck, et al. [23] and 1-row array by Jahedi and
Moshfegh [19]. In the study of multiple jet array shown
in Fig. 11(a), one can notice that enhancement of q" 4,4 is
significant in the film and transition boiling regimes, but
little increase is captured in the nucleate regime by N =
2.
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Fig. 11: Subcooling’s effect on local boiling heat transfer
at Xgtq: () q" qvg; (b) MHF parameters (T; = 600°C, w =
50 rpm, Q = 5.4 L/min, D, /d = 24).

In the study of subcooling influence on maximum
local heat transfer, Fig. 11(b) shows higher AT,
increases heat flux in agreement with reported result of
quenching rotary cylinder by single and 1-row arrays
water jet [16, 19]. Enhancement of q"yyr by higher
Qtotqr In 2-row pitch again explains the importance of
total flow rate and multiple jet configuration on the local
boiling heat transfer. The temperature corresponding to
MHF remains nearly at low level in 1-row array
while Ty is increased by higher subcooling in 2-row
array. This interesting result shows that higher
subcooling and Q;,:4; move the position of MHF toward
higher temperatures in the boiling curve. The
propagation velocity of WF is decreased gradually by
lower subcooling [24] and this means that the stagnation
point experiences the boiling regimes for a longer time
by lower subcooling, causing increase of tyyg. It is
interesting to see that higher Q;otq; in 2-row array
suppresses the tyyr severely compared to 1-row pitch.



3.4. Rotation Speed

The new parameter in the hydrodynamic
phenomena of boiling in presence of rotary test
specimen is rotation speed of the cylinder (w)
corresponding to surface moving speed. Lower rotation
speed interacts less with the wetted and wetting front
zone and disturbs the hydraulic jump of WF less in each
cycle of revolution. Surface also experiences longer
cooling time under wetted and wetting front zone, but on
the other hand, time to pass the dry zone is also greater
in each revolution and lower passing frequency through
the wet zone is obtained. Higher heat transfer is achieved
in prior revolutions by less disturbed water flow over
surface and longer time to pass wet zone in lower w in
the film boiling regime, see Fig. 12(a). In the transition
boiling, heat transfer variation is little in 1-row pitch and
becomes less at both small and large rotation speeds.
Added extra row of nozzles in 2-row array extends the
wet zone over A and higher w shorten the time for
surface to approach the wet zone on the next revolutions.
And these two parameters may damp the negative effect
of water flow agitation by higher w in the transition
boiling and increase the heat transfer slightly. Similar
behavior is captured by both arrays on heat transfer
result in the nucleate boiling regime; both multiple jets
arrays provided higher q"4,4 in the mid-range rotation
speed (w = 30 rpm) which may be due to less negative
interaction effects of both high and low revolution
speeds at this speed level. Comparing result of 1-row and
2-row arrays at q" 4,4 in various rotation speeds shows
significant increase of q",,,4 by larger N in the multiple
jet array in the film and transition regimes in the
presence of rotation speed variation and unaffected local
heat transfer at x4 in the nucleate boiling.

The result in Fig. 12(b) presents significant effect
of w on the MHF parameters. As discussed above, higher
heat transfer is achieved at lower rotation speed by
longer time of passage through wetted zone and cooling
by less disturbed water impinging jets in prior
revolutions. As a result, greater MHF occurs in shorter
time (tyyr) in both arrays of nozzles. The variation
of Tyyr shows higher frequency of passing the wet zone
at higher rotation speed shifts MHF point into smaller
temperature slightly for w > 30 rpm in the boiling curve
at x4 in both pitches.
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Fig. 12: Effect of cylinder rotation speed on local boiling

heat transfer at stagnation point of water jet: (a) "4y 4;

(b) MHF parameters (T; = 600°C, w = 50 rpm, Q = 5.4
L/min, D, /d = 24).

3.5. Curvature Ratio and Solid Thickness

The curvature ratio (D,/d) is defined based on
ratio between cylinder and jet size and since D; is
dependent on D,, in this study, bigger cylinder has larger
thickness. In the film boiling regime, higher heat flux is
seen by smaller hollow cylinders (Fig 13(a)). By
investigation of boiling curves in Fig 13(b), it is found
that magnitude of heat flux enhancement is stronger in
film boiling with smaller D, /d. In the transition regime,
a similar trend is seen with D,/d for smaller cylinder
sizes. In the nucleate boiling regime at x4, average heat
flux is enhanced by larger D, /d, in general trend which
it may be due to the fact that more mass in cylinder with
larger D,/d transfers more heat flux toward surface
when surface experiences nucleate boiling. In general, 2-
row pitch raises magnitude of heat flux over A¢ in the
film and transition boiling, and nucleate boiling regime
appears unaffected by multiple jet array.



In the study of local maximum heat flux, authors
found q"pyyr and Ty decreases with larger D,/d and
the time corresponding to MHF point increases
generally. The result showed that pitch N = 2 enhances
MHF characteristics compared to N = 1. The stagnation
point’s boiling curve at different cylinder sizes in Fig
13(b) shows clearly the cyclic variation of heat flux and
temperature in revolutions by passing wetted and dry
zones is suppressed with larger D,/d. This is because
size of quenching area and thickness of hollow cylinder
become larger with greater D, /d.
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Fig 13: Curvature aspect ratio’s (D, /d) influence on
local heat transfer at x:4; (a) 4" qpg (b) boiling curves in
the 2-row multiple jets array (T; = 600°C, w = 30 rpm,

Q = 5.4 L/min, AT, =75 K, N = 2).

4. Conclusions

This paper presented an experimental study of
quenching rotary hollow cylinder by 1-row and 2-row
multiple water impinging jet arrays. The focus of the
study was to investigate some important parameters on
local and area-averaged heat transfer as well as
understanding effect of multiple array configuration on
boiling heat transfer in relation to jet's water flow rate
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and the array’s total water flow rate. The results showed
that water jet’s flow rate and curvature ratio of cylinder
had significant effect on the average local heat transfer
in the all boiling regimes at stagnation point of water
impinging jet. Rotation speed influenced the average
local heat transfer in the film and transition boiling
regime. However significant effect of subcooling was
found in the transition boiling regime. In study of local
maximum heat flux (MHF) during quenching, results
showed that higher water flow rate, subcooling and
larger number of rows in array enhances MHF
characteristics (higher heat flux and temperature and
less time to reach the MHF). Lower rotation speed and
smaller curvature ratio also provided similar effect on
MHF parameters.

The effect of pitch combined with other
parameters was highly pronounced in the film and
transition boiling than in the nucleate boiling regime. It
was found that for the constant total flow rate case, there
is a trade-off between number of rows in the array (N)
and water flow rate in terms of local and average surface
heat transfer performance. The result also revealed
higher heat transfer performance with constant total
flow rate and larger N in the array compare to constant
jet’s flow rate and larger N in the multiple array.
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