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Abstract
The experimental work aims at investigating the influence of surface roughness on heat transfer by using different nozzles. Part of
the rough surfaces are provided directly by the industry. These surfaces of casting products possess considerable roughness up to
millimeters which can be either unstructured or with typical grooves in the casting direction. The understanding of its effect on
cooling hot metals can help to shed light on the quenching process encountered in the industrial applications. This study will
initially be carried out with individual nozzles, such as full cone and full jet nozzles, in order to identify the basic relations.
Subsequently, a mold is also applied which can be regarded as a series of full jet nozzles. As for the experiments with mold, the
plate is moving downwards with a preset velocity; meanwhile, the plate is fixed for experiments with full jet and full cone nozzle.

1 Introduction

Quenching or rapid cooling refers to the process which fre-
quently occur during metallurgical processes. In these pro-
cesses, the maximum temperature can reach 500 °C or much
higher. Cooling processes include pool boiling, impingement
of liquid jets or sprays [1]. Pool boiling and liquid jets provide
high heat dissipation rates, while a better spatial uniformity of
the cooling can be achieved by using sprays.

Cooling with liquid jets and sprays has been studied exten-
sively in the past few decades. Many variables are included in
both numerical and experimental investigations. For example,
it is usually accepted that the spray flux (also names as im-
pingement density or volumetric flux) is the most influential
parameter during cooling hot surfaces with liquid sprays
[1–3]. As for liquid jets, the jet velocity and liquid temperature
are seen as primary variables which control the cooling effi-
ciency. Karwa and Stephan [4] found out the wetting front
velocity increases as jet velocity increases while it is reducing
as the wetting front moves radially to the circumferential area.
Wang et al. [5] reported that the rewetting temperature was not
susceptible to the jet velocity, which is in congruence with
results obtained by Lee and Shen [6]. The both articles

suggested that the rewetting temperature was almost indepen-
dent of vjΔTsub. Mozumder et al. [7] have reported maximum
heat flux as a function of jet subcooling during quenching a
hot cylinder with different experimental conditions. It was
shown that a higher maximum heat flux can be achieved with
a higher liquid subcooling.

During the cooling of hot metals, the surface condition or
roughness is important to determine the heat transfer rate,
which controls both physical and mechanical properties of
the final product. The investigation of surface roughness on
cooling performance has been done several authors and
groups. To the best knowledge of the author, it was first re-
ported by Pais et al. [8] that surface roughness has influence
on air-atomized water spray cooling of copper surfaces. They
proposed a one-dimensional Fourier analysis to retrieve the
information of the surface morphology.Meanwhile, the ability
of surface to remove heat under conditions of spray cooling
using air-atomized nozzles was studied. It was reported, at
very low superheats, a heat flux of 12 MW/m2 was achieved.
They also found out that a superior cooling performance was
achieved when the surface was smooth (< 1 μm) due to the
film conduction/evaporation. Bernardin and Mudawar [9]
have reported that repeated heat-quench cycles resulted in
increased surface roughness and shorter overall quench pe-
riods. The surface roughness affects cooling rate by three ma-
jor factors: a) raising the rewetting temperature, b) increasing
the number of boiling sites on the quenched surface, and c) the
impact dynamics of the spray droplets was altered. Sinha et al.
[10] studied the effect of surface roughness on the minimum
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film boiling temperature (in this article named as rewetting
temperature). A cylindrical fuel-rod simulator was heated up
in an electrical furnace with a maximum temperature capabil-
ity of 1200 °C. A profilometer was used to determine the root-
mean-square (RMS) roughness levels. The unroughened rod
from the manufacturer with RMS of 1.27 μm was compared
with the rods polished by 80-grit sandpaper (3.81 μm) and 40-
grit sandpaper (6.604 μm). The results showed that the influ-
ence of the roughness is significant. With increasing surface
roughness, the minimum film boiling point is shifted from
420 °C to 520 °C (3.81 μm) and 560 °C (6.604 μm), respec-
tively. Meanwhile, the maximum heat flux doubled when the
surface roughness increased from 1.27 μm to 6.604 μm. The
influence of roughness on fully developed film boiling was
small, because the thickness of vapor layer was typically larg-
er that the height of rough elements on the surface. The

influence of artificially structured surfaces such as cubic pin
fins, pyramids, and straight fins on the heat transfer has been
studied by Silk et al. [11, 12]. In addition, a plain surface is
used as reference. It should be emphasized that, unlike micro
coatings, the characteristic dimensions of these structures are
much larger than the liquid film thickness. The coolant used
was a fully fluorinated liquid, 3 M™ Performance Fluid PF-
5060, with a boiling point of 56 °C. The initial temperatures
were between 20 and 70 °C. A copper surface of 2 × 2 cm2

was cooled with a spray nozzle at a spray flux of 0,016m3/
m2s. The distance of the nozzle to the copper surface was
17 mm. It is reported that, the surface with pyramids was
cooling most efficiently. Sodtke and Stephan [13] used high-
speed infrared camera to study the water spray cooling for
both smooth and micro-structured surfaces, the latter featuring
micro pyramid with various heights. The spray flux is altering

Fig. 1 Schematic of experimental
setup

Fig. 2 Investigated nozzle and
mold
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by changing the nozzle-to-plate spacing. It was found out that
a great improvement in cooling performance can be obtained
with micro-structured surfaces, attributed to the increasing
length of the three-phase contact line. The studies on the spray
cooling of the aluminum alloy AA6082 was done by Xu et al.
[14]. Three samples with roughness of Ra = 0.6 / 7.6 / 40.2μm
were investigated and compared. A surface with Ra = 0.6 μm
can be classified as technically smooth, with Ra = 40.2 μm as
very rough. It was reported, the surface roughness has a sig-
nificant influence on heat flux in the nucleate boiling regime;
however, its influence is small in the transition boiling regime.
The authors argued that, the thickness of the intermittent vapor
blanket in transient boiling regime is typically greater than any
surface rough elements, which leads to the non-sensitivity of
heat flux to the micro-surface geometry. The influence of sur-
face roughness in the spray cooling of a stainless steel cylinder
is studied by Aamir et al. [15]. Two cylinders made of stain-
less steel were used, one with pyramidal pin fins and other
with smooth surface as a reference, to explore heat transfer
performance under different spray conditions and surface tem-
peratures. A spray nozzle with pressures of 4 to 13 bar and the
corresponding mass flow rate of 13.5 to 23 kg/min was used.
Based on the diameter of 25 mm, the average spray flux in the
experiments is from 460 to 780 kg/m2s which indicates the
used spray nozzle as a cooling-intensive nozzle. It was found
out that, structured surface performed better at an initial tem-
perature of 900 °C with a increment in surface heat flux by

factor of 1.9, 1.56, 1.66 and 1.74 for inlet pressure of 0.4, 0.7,
1.0 and 1.3 MPa, respectively.

All the herein mentioned studies are limited to the investi-
gation of heat transfer by using either artificial structures or
rough surfaces produced by using various grit-level sandpa-
pers. And they are mainly focused on utilization of spray
nozzle. Therefore, the objective of the present work is to use
the rough surfaces that directly cut from the industrial ingot to
describe whether these surfaces exert influence on heat trans-
fer during industrial quenching process or not. Meanwhile, an
artificial surface is also produced in house for the purpose of
comparison. Furthermore, different cooling methods are also
included, they are full jet nozzle, full cone nozzle and mold.

2 Experimental facility

The experimental setup is schematically shown in Fig. 1. All
essential apparatus and components are included in this illus-
tration. An essential part of this facility is the sliding rail which
allows the metal sample to be moved freely from the furnace
to cooling chamber. The metal plate is mounted with two
supporting rods to the sliding rail. Additionally, the rods are
connected with two plastic sliders that are embedded in the
rail. After being heated up to a desired initial temperature, the
metal sample is moved into the cooling chamber. The heat
loss, especially at a high initial temperature, is kept as low as

Table 1 An overview of the
investigated nozzles Nozzle type Nozzle designation according to Lechler Features

Full jet nozzle 544.360 Stainless steel, d = 1.05 mm

544.400 Stainless steel, d = 1.3 mm

Full cone nozzle 460.404 Spray angle β = 60 °

Fig. 3 Schematics of aluminum
alloy samples cut from industrial
ingots
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possible during the movement of the sample. The nozzle pres-
sure is controlled with a manometer while the volume flow
rate is monitored by a magnetic flowmeter. The liquid from
the nozzle is initially reflected by a deflector between the
nozzle and the hot sample which prevents the water jet from
touching the heated metal sample. The installed deflector
works with the principle of a guillotine and is operated by a
rigid rope.

The data acquisition system consists of an infrared (IR)
camera connected to a computer. In current work, infrared
camera ‘ThemaCAM SC 3000’, produced by FLIR systems
Inc., was used. This camera provides the ability to measure
temperature with different quality by varying the measuring
frequencies and temperature ranges. Four temperature ranges

(−20 to 80 °C, 10 to 150 °C, 100 to 500 °C and 350 to
1500 °C) can be selected with four options of the desired
frequency (50, 150, 250 and 750 Hz). Noting that, when a
higher frequency is chosen, the size of the thermal image will
be smaller. For example, when 50 Hz is selected, the full
resolution of this infrared camera (320 × 240 pixel) can be
reached; while for 150 Hz, the maximum resolution is reduced
to 80 × 320 pixels. For the purpose of accuracy and suitability,
all the measurements in this work have been carried out with a
frequency of 50 Hz, with which 50 thermal photos can be
taken in 1 s. The installation of the cooling chamber prevents
the uncontrolled spreading of the liquid droplet which might
deteriorate the thermal image quality. In addition, the resulting
vapor during the quenching process is held in the chamber and
thus does not reach the receiving area of the camera lens. The
discussion of measurement accuracy of applied infrared ther-
mography is detailed in Fang [16]. Furthermore, in order to
achieve stable emissivity, the thermal spray is also employed,
and the detail description of emissivity measurement is found
in Fang [17]. Generally, the surface emissivity of the thermal
coating is 0.85 for initial temperature of 500 °C. The nozzle
spacing to the metal sample being tested can also be easily
adjusted. In present work, the nozzle-to-sample spacing is
held 50 mm for full cone and full jet nozzle, while 8 mm for
mold. The schematic of the used nozzle and mold is depicted
in Fig. 2 and their specifications are listed in Table 1. A full jet
nozzle produces the impinging jet with a diameter d which
strikes on the hot surface. A full cone nozzle theoretically
produces a uniform circular area. The mold has totally 11
orifices, each with 2 mm in diameter. The distance between

Fig. 4 Investigated rough
surfaces from industrial suppliers

Fig. 5 The smooth surfaces produced through milling
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the centers of orifices is 6 mm. Awater curtain will be formed
and then flow vertically on the surface due to gravity.

2.1 Characteristics of the used surface

The surface roughness of the utilized samples was measured
according to DIN EN ISO 4288 at the Institute of Production
Technology and Quality Management (IFQ) at the University
of Magdeburg. A stylus-type surface roughness measuring
instrument was used. The arithmetic mean roughness Ra, the
maximum valley depth Rv, the maximum height of the profile
Rt, the average distance between the highest peak and lowest
valley in each sampling length Rz and the maximum single
roughness Rmax were determined.

Ra is the arithmetic average value of filtered roughness
profile determined from the deviations about the center line
and will be used as indication of the surface roughness in all
the following figures. According to paperback “Dubbel” [18],
surfaces with an arithmetic mean roughness below 0.1 μm are
classified as very smooth and those over 25 μm as very rough.

As mentioned, the investigated surfaces are cut directly from
the industrial ingot. The principle of sample extraction from
ingots of aluminum alloys is shown in Fig. 3, which is quite
similar for copper alloys. The surface should under no circum-
stances be damaged. Based on visual observation, casting di-
rection can be easily recognized and roughness in the casting
direction is less than that in transverse direction which will be
documented in Fig. 4.

In order to compare the cooling effect on real rough sur-
faces with smooth surfaces, smooth samples of copper and
aluminum alloys were produced through milling in our own
lab, originating from the same batch of material. The produc-
tion ensures that the smooth sample has the similar specific
mass in g/unit area as the rough surface. Figure 5 shows the
produced samples and the determined roughness parameters.
Generally, depending on the alloy and surface treatment, the
produced smooth surfaces for the cooling tests have Ra values
between 1 and 4 μm.

Similar to the experimental investigation of Silk et al. [11],
a surface with cubic pin fins is also produced in our lab, which

Fig. 6 Produced artificial
surfaces with cubic pin structure

Fig. 7 Visual representation of
repeated cooling cycles with
video and infrared images at a
certain cooling time of 9 s
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is shown in Fig. 6. The produced surface cubic pins have the
base area of 2 mm× 2mm and a height of 1 mm, whose center
distance is 4 mm. If a center line is places on structure pit, the
resulted mean roughness value of Ra is 500 μm. Due to the
uniformity of the structure, the maximum roughness Rmax is
identical to the values of the average roughness Ra. The plate
thus produced serves as reference which has the highest
roughness of a surface. A comparison with real casting sur-
faces should help to quantify the influence of roughness.

3 Results and discussion

3.1 Repeatability of the experiments with full cone
nozzle

The experiments have been done to examine the repeatability
of the experiments; since the amount of metal samples are
limited. Some samples have to be used several times before
disposed. Figure 7 shows the video and infrared images for
repeated cooling cycles of a smooth surface of AA 6082 after
a cooling time of 9 s. Initially, the plate is brand new before
heating in the furnace. The first cooling indicates the first
subsequent cooling of this brand-new sample. The second
cooling denotes the second cooling cycle with same sample
after a second heating without any surface treatment. The
same meaning stands for the third cooling. After a cooling
time of 9 s, no formation of wetted region can be observed
in the first cooling which indicates the existence of the film
boiling. At the same time, wetting and the formation of a
wetted regions can be obtained in the second and third cooling
cycle. Through the visual observation, the wetting front have
progressed even further in the third cycle than the second.
Same as the video recordings, the infrared recordings at the
same cooling time also provides a qualitative analysis which

Fig. 8 Temperature curves for repeated cooling cycles with local tap
water

Fig. 9 Comparisons of temperature curves before and after surface treatment with emery paper
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demonstrates clearly that the cooling time shortens as the
number of cooling cycle increases.

Additionally, the temperature curves at two radii for
repeated cooling cycles are depicted in Fig. 8. It can be
seen that cooling rate becomes faster with increasing cy-
cle number. The film boiling takes place for approx. 16 s
for the first cycle, reduced to 8.5 s in the second, followed
by around 5 s in the third cycle. It is hypothesized that the
surface conditions have been modified during the repeated
cooling cycles by salt deposition in the white bear-belly
shape which can be again found in the video images as
shown in Fig. 7. Cui et al. [19] have studied the effects of
dissolving gas and salts on heat transfer during droplet
cooling. It was reported that the dissolved salts improve
heat transfer when the surface temperature is above
rewetting temperature due to the promotion of bubble for-
mation by the salt concentrations. The similar tendency
has been found in current research. A longer film boiling
favors the salt deposition which will in turn leads to a
faster cooling in the next repeated cycle. A direct verifi-
cation of the hypothesis can be done by the surface struc-
ture examination by scanning electron microscope (SEM).
Unfortunately, that was not done in the current research;

however, an indirect method has been used to strengthen
the proposed statement.

After the third cooling, the surface on the quenching
side was treated with emery paper carefully to remove the
visible salt depositions. Meanwhile, the surface should be
maintained as smooth as possible which avoids the influ-
ence of increased surface roughness by the manual treat-
ment. Subsequently, another three cooling cycles were
conducted which are denoted as 4th, 5th and 6th cooling
cycles. The temperature profiles were then compared with
previous cooling cycles on untreated surfaces; namely; 1st
vs. 4th, 2nd vs. 5th and 3rd vs. 6th. The comparisons are
depicted in Fig. 9. It can be clearly observed that the
cooling behavior can be well reproduced after a cautious
treatment of the deposited salts. Furthermore, experiments
with distilled water were carried out under the same ex-
perimental conditions. The results are shown in Fig. 10.
The repetition of the experiments with the same metal
sample shows no significant effect on the cooling time
reduction. Through aforementioned experiments, the as-
sumption of influence of salt deposition on cooling per-
formance with full cone nozzle is indirectly validated.

Fig. 10 Repeated cooling cycles with distilled water

Fig. 11 Effect of surface roughness with full cone nozzle for AA 5083

Fig. 12 Spray flux distribution with the used full cone nozzle

Fig. 13 Effect of surface roughness on boiling curves with full cone
nozzle for AA 5083
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3.2 Effect of surface roughness with full cone nozzle

Figure 11 exhibits the influence of roughness on temperature
curves at different radii for aluminum alloy AA5083 with a
spray nozzle. It is worth noting that the arithmetic roughness
value Ra in the casting direction is given in the figure, since
the temperature values are extracted in the casting direction.
The temperature deviates not so much at different radii which
is in accordance with the spray flux distribution as shown in
Fig. 12. On the other hand, the cooling rate increases dramat-
ically with an increase of the arithmetic mean roughness Ra

from 0.7 to 46.2 μm. Based on a cooling end temperature of
100 °C, the cooling time is reduced from approx. 20 to approx.
10 s. These significant reductions in cooling time are also
consistent with Abdalrahman’s investigations [20], but the
spray flux in his experiments was 3 kg/m2s and deionized
water was used which led to a longer cooling time.

Meanwhile, it seems no apparent film boiling region can be
observed for rough surface of AA 5083, which can be further
evidenced in the boiling curves as shown in Fig. 13. 1. The
determination of the heat flux is described in detail by

Sabariman [21, 22] and Nallathambi and Specht [23]. The first
step is to calculate heat flux from a one-dimensional energy
balance model, where the temperature difference in the thick-
ness is neglected. This result acts then as an initial guess for
the inverse solution of the Fourier-differential equation to cal-
culate the temperature on the measuring side. The accuracy of
determination of heat flux using this method is within 3% for
aluminum alloys; and within 8% for CuSn4. The heat flux
increases dramatically when the cooling is initiated for the
rough surfaces which indicates an immediate rewetting once
the whole spray impacts the hot surface, resulting a shorter
transition boiling region, higher rewetting and DNB tempera-
tures and higher heat transfer rate. One explanation could be
that these rough elements acted as microstructures and en-
hanced the heat transfer rate from the vapor to the bulk liquid.
If the transition boiling region is assumed as combination of
transition and nucleate boiling, then it is also possible that the
surface roughness increases nucleation site density at a given
surface temperature in transition boiling which shortens its
period.

The maximum heat flux for rough surface is around
4.5 MW/m2 at radius of 1 mm, whereas the maximum value

Fig. 14 Temperature comparison in cooling between smooth and cubic
pin fin

Fig. 15 Effect of surface roughness with full jet nozzle

Fig. 16 Effect of roughness on wetting front propagation with full jet
nozzle

Fig. 17 Boiling curves for distilled water with full jet nozzle
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for smooth surface is only 2.5 MW/m2. This suggests clearly
that increasing surface roughness helps to enhance the cooling
efficiency by using a full cone nozzle.

The investigation of artificial surface follows the previous
studies. A sample with one-sided artificially structured surface
was produced by mechanical processing from the same metal
batch of aluminum alloy AA6082 which were directly bought
from the metal dealer. The technical details of the produced
surfaces is depicted in Fig. 6.

In Fig. 14 cooling curves measured for both smooth
and artificially structured surface are compared. The
smooth surface cooling curves have solid lines while the
rough surface cooling curves are in dashed lines. A sig-
nificant reduction of the cooling time with a structured
surface can be recognized which again indicates that the
roughness of the surface promotes faster cooling. Typical
cooling curves can be observed when film boiling occurs.
Initially the temperature decreases approximately linearly
in course of cooling until a temperature of about 280 to
300 °C is reached, and then a higher cooling gradient is
expected. This transition suggests the transition from film
boiling to transition boiling and is shown on the
quenching side by the abrupt rewetting of the surface.

3.3 Effect of surface roughness with full jet nozzle

In this section, the influence of surface roughness on cooling
performance during the application of a single full jet nozzle
will be presented. By far, in the open literatures, this area is not
studied to the best of my knowledge.

If a full jet impacts the copper alloy CuSn4, no change in
the cooling performance at the stagnation region is to be de-
termined as a function of the arithmetic mean roughness Ra

(Fig. 15). At a radius of 20 mm from the stagnation point, the
rougher surface of Ra = 14.7 μm is cooled even slower. This is
explained by the fact that the rougher surface opposes the
propagation of the wetting front, although evaporation at wet-
ting front is more intensive for the rougher surface. To better
clarify the differences, the wetting front propagation for both
types of water is shown in Fig. 16.

The wetting front on rough surface propagates slower than
on smooth surface which further indicates the opposition ef-
fect of surface roughness on wetting front propagation.
Figure 17 depicts the corresponding local boiling curves for
both water types. Generally, the heat flux is slightly higher for
smooth surfaces.

Fig. 19 Effect of surface roughness on temperatures with mold cooling Fig. 20 Effect of surface roughness on boiling curves with mold cooling

Fig. 18 Photo of the mold used in
this work ((left) front view; (right)
side view): 1. water supply, 2.
Orifices, 3. Adjustable screw for
angle variation, 4. Supporting
rods
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3.4 Effect of surface roughness with mold

In order to mimic the industrial application of direct chill (DC)
casting, especially the secondary cooling regime, a house
made miniature is used. The detailed description of the mold
can be found in Fig. 18. It has 11 orifices at its base, each of
2 mm in diameter. Hence, it can be also regarded as a row of
liquid jets.

Figure 19 depicts the influence of surface roughness on
cooling when CuSn4 is investigated. A slight difference be-
tween two surfaces can be observed, especially in the transi-
tion and nucleate cooling region, which is further illustrated as
boiling curves in Fig. 20. The plate moves continually down-
ward at preset velocity while the mold remains fixed. This
enables the liquid jets always to impinge on the fresh un-
touched surfaces, which avoids the possibility of effect of
deposited salt on the surface. Furthermore, high momentum
of the impinging liquid jets compensates more intensive evap-
oration on the rough surfaces by sweeping the nucleated bub-
bles faster away. These two factors together make mold
cooling insensitive to the surface roughness created during
industrial manufacturing.

The results for the artificial structure of cubic pin fins
are shown in Fig. 21. The theoretical arithmetic mean
roughness Ra is 250 μm. When the cooling temperature
is higher than 200 °C, the deviations are marginal; how-
ever, at temperatures below 200 °C, the roughness begins
to play a major role. This can be further ascertained in the
boiling curves. The maximum heat flux for structures sur-
face is approx. 8 MW/m2, while 7 MW/m2 for smooth
surfaces. The difference in this case is mainly contributed
by the water accumulation between the fins. The accumu-
lated water enables a longer contact between the hot sur-
face and the cooling medium, namely, water, which inev-
itably enhances the heat transfer rate. This phenomenon
insights the possibility of enhancement of cooling rate by
structured surfaces when a relative movement between the
cooling medium and the surface exists.

4 Conclusion

The effect of surface roughness on cooling behavior during
quenching hot metals are experimentally investigated. Hereby,
the single nozzle such as full cone and full jet nozzle and a
mold are utilized to quench the samples. The rough surfaces
are provided from the industry and the surface condition re-
mains as produced; meanwhile, an artificial structure is pro-
duced to be used as comparison. The characteristics of all the
rough surfaces are measured with a stylus profilometer.

It is found out that the effect of surface roughness is most
paramount in application of full cone nozzles. Even with a
slight increase of arithmetic mean roughness Ra, the cooling
time can be reduced dramatically. However, the effect of sur-
face roughness is not that significant in case of full jet and
mold cooling. A clear conclusion can be drawn though these
three series of tests: a cooling method which promotes film
boiling is much more sensitive to the variation of surface
conditions, since the produced rough surface elements in in-
dustry are in general larger than the film thickness in the film
boiling region. This enables intermittent direct contact be-
tween liquid and hot surface which reduces the cooling time
significantly. However, this is not directly proved with exper-
imental observations, which requires further measurements of
the liquid film thickness.
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