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Abstract—Results from visualization of boiling process and experimental study of critical heat fluxes on
microstructured surfaces are presented. The studied surfaces were obtained using the deforming cutting
method and have different design shapes and sizes. Mechanisms of heat transfer enhancement are substanti
ated. A factor of 4.1 higher value of critical heat flux is obtained.
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Nucleate boiling is the main kind of twophase
heat transfer during which heat is transferred from a
heated wall to liquid heated to the saturation temper
ature at the place in which they come in contact with
each other. This twophase transfer process is charac
terized by significant heattransfer coefficients due to
an intense phase transformation process. The intensity
of heattransfer process is governed by the dynamics
with which a steam bubble is generated, grows, and
separates from the heated surface.
The following tasks are to be solved in enhancing
boiling heat transfer [1–7]. First, it is necessary to
achieve the onset of nucleate boiling at a smaller dif
ference of temperatures between the hot wall and liq
uid and obtain high heattransfer coefficients in this
zone. Second, it is necessary to increase the critical
heat flux that identifies the onset of burnout, i.e., to
widen the nucleate boiling region.
The first task is solved by applying capillaryporous
coatings. However, the use of this approach gives
insufficiently high critical heat fluxes. Higher critical
fluxes are achieved through the use of microstructured
surfaces obtained by subjecting them to mechanical
processing or to smallscale deformations of the sur
face. Such surfaces are used primarily for boiling pro
cesses with natural convection [5, 6]. Enhancement of
boiling heat transfer on microstructured surfaces is
widely used in cooling systems and in heattransfer
equipment [8].
In [9], the results from a study of heat transfer dur
ing boiling of distilled water on microstructured sur
faces obtained using the deforming cutting method
were presented. The greatest enhancement of heat
transfer was achieved for surfaces with 3D columnar
and channel structures: by a factor of 3 to 9. The heat

transfer enhancement ratio obtained for 2D microfins
was up to 2.5.
In this work, the results from visualization of boil
ing on the studied microstructured surfaces are pre
sented and intermediate results from a study of critical
heat fluxes are discussed.
METHODS FOR SHAPING BOILING
SURFACES
Surfaces obtained using the deforming cutting
method (DCM), which implies a combined use of
partial cutting and bending of the surface layers of a
heat transfer surface [10–14], can be used as micro
structured surfaces for enhancement of boiling pro
cesses.
The totality of partially cut and plastically
deformed layers, which retained the continuity of their
connection with the billet, forms an extended
microrelief on the treated surface. The DCM is
embodied by using standard metal cutting equipment,
including that with numerical program control and is
a wastefree and highefficient process, and allows all
geometrical characteristics of the obtained macrore
lief to be controlled. Interfin gaps with sizes ranging
from a few micrometers to a few millimeters can be
obtained. The degree to which this process can be real
ized in practice depends in the main on the plasticity
of material being processed and on the cutting depth
to supply ratio. For materials with relative elongation
of more than 30% (the majority of nonferrous metals
fall under this category), the height of fins may be up
to 7 finning pitches (Fig. 1a), but no more than 4 mm.
For materials with relative elongation ranging from 20
to 30% (this category encompasses the majority of
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Fig. 1. Structured surfaces of different configurations obtained using the deforming cutting method. (a), (b), (i), and (p) Struc
tures with inner steam cavities; (j) cellular structures; (c), (f), and (l) micropin structures; (e), g), (m), and (n) finned 2D and 3D
structures with a microgap between the fins; (d), (h), and (k) inclined finned microstructures; and (o) microgrids attached to the
boiling surface.

steels), the maximal height of fins is 3–5 finning
pitches. Materials with relative elongation of less than
18% do not lend themselves to processing by deform
ing cutting. For nonferrous metals, the surface area
obtained after processing it using the DCM can be
increased by as much as a factor of 14. Some versions
of structured surfaces obtained using the DCM are
shown in Fig. 1.
Twodimension structures with inner steam cavi
ties can be obtained using the DCM either in one or
two passes of a tool the cutting or deforming edge of
which has special configuration (see Figs. 1a, 1b).
Finning like that shown in Fig. 1g is formed first, fol
lowed by plastically deforming the fin tips, e.g., by
subjecting them to smoothing or knurling with a
smooth or corrugated roller. Steam cavities can also be
obtained by using bifilar finning with different slopes
of fins in the neighboring passes (see Fig. 1i).
Threedimensional micropin (columnar) struc
tures can be obtained either by shaping fins on the bil
let surface in noncoinciding directions and by apply

ing corrugation prior to subject the surface to the
deforming cutting operation. In this case, corruga
tions play the role of stress concentrators, due to which
partial or full breaks of fins along their height are
obtained to form pin structures (see Figs. 1c, 1l). By
subjecting the structures to subsequent smoothing or
rolling with a smooth roller, 3D structures with subsur
face cavities can be obtained.
The mechanism through which cellular structures
are generated using the deforming cutting method (see
Fig. 1j) has been disclosed only partially; nonetheless,
it can be stated that this structure, which is obtained in
one pass of the tool, is a system of “microbowls” on
the boiling surface, which were not known before in
the relevant engineering practices around the world.
The deforming cutting method does not have any
limitations of fundamental nature on the minimal
width of interfin gaps. With the equal angles of the cut
ting and deforming edges in a horizontal plane, the
finning will have an interfin gap commensurable with
the roughness of the fin lateral walls (see Fig. 1e). In
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Fig. 2. (a) Basic process circuit and (b) external view of the experimental setup. (1) Heatinsulated housing, (2) studied sample,
(3) terminals, (4) current inlets, (5) threaded joint, (6) cover, (7) collar, (8) casing, (9) thermometer, (10) inspection window, (11)
tubular electric heater, (12) condenser sleeve, (13) drain socket, (14) valve, (15) textolite base for the sample, and (16) fastener.

using the DCM, the interfin gap can be easily adjusted
from densely packed fins (from a few to a few tens of
micrometers) to a few millimeters. Such structures
were not investigated before. Inclined finning (see

Figs. 1h, 1j, 1k) is shaped by the tool used for the
DCM with an auxiliary angle in a horizontal plane dif
ferent from 90°. By using the DCM, it is possible to
obtain microgrids from thinsheet billets (see Fig. 1o)

Parameters of the studied plates
No.
of sample
(Fig. 3)

Material

1, 2

12Kh18N9T steel

–

–

–

–

3

12Kh18N9T steel

–

–

–

–

4

12Kh18N9T steel

–

–

–

5

VT100

95

40

6

VT100

310

7

VT100

8
9

Fin height Fin pitch Interfin Fin angle,
h, µm
s, µm
gap b, µm
deg

Dimple
depth,
mm

–

–

–

1

2

–

–

–

0.5

1

–

–

15

3

–

–

–

–

160

63

3

–

–

–

–

200

120

46

3

–

–

–

–

VT100

230

90

35

3

–

–

–

–

VT100

220

60

22

3

–

–

–

–

10

AISI 1020

420

350

–

0

–

–

318

140

11

12Kh18N10T steel

150

160

50

0

–

–

–

–

12

12Kh18N10T steel

90

160

50

0

–

–

–

–

13

VT100

200

200

30–40

30

–

–

–

–

14

12Kh18N10T steel

200

160

50

0

–

–

–

–

15

AISI 1020

340

240

–

15

–

–

318

140

16

12Kh18N10T steel

200

160

50

0

–

–

–

–
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q, W/m2
No. 10

No. 11
No. 14

No. 13

106

No. 16
No. 12

No. 4
No. 3

Burnout on the surface
of sample No. 1

105

1
5
8
11
14

104

2 × 103

3
6
9
12
15

4
7
10
13
16

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Δt, °C

Fig. 3. Heat fluxes during the boiling of water on the surfaces of samples with different configurations. (1–16) are the numbers of
samples (see the table).

that may cover heattransfer surfaces. These grids have
a surface area several times larger than that of wire
coatings, and the characteristic size of interfin gaps
may be in the range from a few to a few tens of
micrometers.
EXPERIMENTAL SETUP AND
MEASUREMENT PROCEDURE
The experimental investigations were carried out
on a setup the model of which is shown in Fig. 2. The
description of the setup, test conditions, and proce
dure for carrying out the tests were presented in [9].
The boiling process was visualized by means of a
Photron Fastcam SA4500KC1 highspeed video
camera fitted with Nikon AF 60 mm F/2.8 D Micro
and Navitar DO2595 (25 mm F/0.95) optical sys
tems, using which video recording of the process can
be performed during an experiment at a frame rate of
3000–20 000 shots/s. The visualized process was lit
using a 1kW ARRI ST1 lighting installation fitted
with a 175mm Fresnel lens and a Schott DCR III
local fiberoptic lighting system with a 150W EKE
lamp.

The heat flux density and the heat transfer coeffi
cient were calculated from the following formulas:
q = Q/F = IΔU/F; α = Q/(FΔt),
where α is the heat transfer coefficient, W/(m2 К); F is
the surface area of the plate on which fins are applied
(without taking into account its increase as a result of
finning), m2; Q is the heat flux releasing on the plate,
W; I is the current fed to the plate, A; ΔU is the voltage
drop across the plate, V; and Δt = t wl – twt is the differ
ence between the average sample surface temperature
and water temperature, K.
Descriptions of the studied samples are given in [9].
The characteristic sizes of boiling heat transfer inten
sifiers are given in the table.
The data for samples Nos. 5–9 were obtained by a
team of scientists led by M.D. Diev; D.N. Morskoi
and A.A. Yakomaskin continue the works [15, 16].
STUDY RESULTS
Visualization of the boiling process. The experi
mental data were obtained for water at atmospheric
pressure. Heat flux was varied in the range from 10 to
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Sample No. 1

Sample No. 10

Sample No. 13

Sample No. 12

39 kW/m2

30 kW/m2

14 kW/m2

30 kW/m2

289

–
62.4 kW/m2

59 kW/m2

50 kW/m2

113 kW/m2

91 kW/m2

91 kW/m2

140 kW/m2

154 kW/m2

174 kW/m2

168 kW/m2

180 kW/m2

220 kW/m2

341 kW/m2

280 kW/m2

330 kW/m2

546 kW/m2

497 kW/m2

737 kW/m2

520 kW/m2

922 kW/m2

1450 kW/m2

–

1047 kW/m2

Fig. 4. Bubble generation intensity in boiling on different heattransfer surfaces (the grid sell size on the photographs is 1 × 1 mm).

1200 kW/m2. Surface boiling, developed nucleate
boiling, and burnout modes were observed in the stud
ied range of heat flux densities. The investigations were
carried out in a boiling mode when the temperature of
liquid in the boiling chamber in the zone of experi
mental samples was 97.5–99.3°C. In [9] it was shown
that the results of test experiments for boiling of water
on a smooth surface are in good agreement with the
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results of calculation carried out using D.A.
Labuntsov’s dependence α = 3q0.7p0.1.
It follows from [9] that application of surfaces with
a relief obtained using the deforming cutting method
makes it possible to achieve higher heattransfer coef
ficients at a preset difference of temperatures between
the wall and liquid, and to obtain the onset of nucleate
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Fig. 5. Boiling curve and characteristic boiling modes [1]. (1) Free convection, (2) onset of boiling, (3) nucleate boiling at low
heat fluxes, (4) nucleate boiling at high heat fluxes, (5) burnout, (6) transition boiling, and (7) film boiling.

boiling at smaller differences of temperatures between
the hot wall and liquid.
The highest heat transfer enhancement ratio is
observed for surfaces with 3D columnar microrough
ness (samples Nos. 15 and 10), the value of which var
ies from 4.5 to 9 depending on the heat flux density. A
heat transfer enhancement ratio equal to 2.5–3.0 was
achieved in sample No. 3 having continuous fins the
horizontally bent ends of which form microchannels.
The results obtained for the surfaces of samples Nos.
5–9, 11, 12, 14, and 16 with 2D microfins were ana
lyzed, and it was found from that analysis that the heat
transfer enhancement ratio varied from 1.0 to 2.5 as
compared with a smooth surface. It was also found
that the heattransfer coefficients obtained for sample
No. 14 with longitudinal heatreleasing fins were 8–
50% higher than in sample No. 16 with transverse
heatdissipating fins of the same shape and sizes.
The main mechanism through which heat transfer
is enhanced on all of the considered surfaces involves
a growth of nucleation sites and persistence of
microbubbles in the interfin space in the boiling devel
opment process, decrease of steam bubble diameter at
the moment of its separation, and increase of separa
tion frequency.
For substantiating the mechanisms of heat transfer
enhancement on the studied surfaces, video recording
of the boiling process on the samples was performed in

the course of experiments. Figure 4 shows how the
boiling process evolves on samples Nos. 1, 10, 13, and
12. The heat flux values are indicated under the pho
tographs. Visualization of the boiling process for the
surfaces of samples Nos. 1, 3, and 9 is presented in
[17]. The boiling processes were recorded mainly at a
rate of 3000–4500 shots/s with a resolution of 1024 ×
800.
The visualization results shown in Fig. 4 are in
good consistency with the existing boiling mode mod
els [1] (Fig. 5).
In Fig. 3 we see the data showing how heat fluxes
depend on the superheating of heat transfer surface. It
is well seen from this figure that higher heattransfer
coefficients, earlier onset of boiling, and higher criti
cal heat fluxes are obtained on the considered surfaces
as a result of heat transfer enhancement.
The onset of boiling on the smooth surface of sam
ple No. 1 occurs at the surface superheating value Δt
equal to around 4°C. For the surfaces of samples
Nos. 10, 13, and 15 featuring significant enhancement
of heat transfer, the onset of boiling corresponds to
Δt ≈ 0.3–0.5°C. For the surfaces of samples Nos. 4–9,
the onset of boiling also occurs earlier than on a
smooth surface and corresponds to Δt ≈ 0.3–1°C. The
onset of boiling on the surfaces of samples Nos. 11, 12,
14, and 16 occurs under approximately the same con
ditions as on smooth surfaces: at Δt ≈ 3–4°C.
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(а)

0

0.1524

0.1351

0.1527
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0.1560
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0.1622

0.1660

(b)
Fig. 6. Shapes of bubbles on the boiling surfaces. Surface of sample: (a) No. 1 and (b) No. 12 (the grid size is 1 × 1 mm). The
numbers under the figures indicate the time in seconds.

The results of visualization showed that the boiling
processes on surfaces obtained using the DCM are
characterized by a larger number of nucleation sites,
smaller bubble diameters at the bubble separation
moment, and a higher bubble separation frequency.
The abovementioned features are especially the case
on the surfaces of samples Nos. 10, 13, and 15, on
which a drastically smaller diameter of separating bub
bles and higher bubble separation frequency are
observed.
The bubble separation frequency was not recorded
individually, but it can be seen from Fig. 4 that its
value is higher on the surfaces obtained using the
DCM because the volume of boiling water is saturated
with steam bubbles to a higher extent.
No essential difference was observed in the number
of nucleation sites on the surfaces of samples Nos. 5–
16: it is equal to 0.05–0.1 1/mm2 at q = 7.7–30 kW/m2
THERMAL ENGINEERING

Vol. 60

No. 4

2013

and begins to grow starting from this value to
0.25 1/mm2 at q = 40–80 kW/m2. However, as we see
from the visualization results, a change occurred in the
surface wetting angle (Fig. 6). Owing to the “finned”
profile, a drastic drop occurred in the wetting angle,
which led to a growth of bubble separation frequency
and to some decrease of steam bubble diameter at the
separation moment. At high heat loads, it was rather
difficult to determine the number of nucleation sites
on the surfaces due to their higher density and because
steam bubbles merged with each other before separa
tion.
From Fig. 7, drawn for a comparative analysis of
the patterns in which steam bubble diameters are dis
tributed in the 20mmhigh volume of boiling water
above the boiling surface at q > 220–313 kW/m2, we
see that the surfaces of samples Nos. 10, 13, and 14 are
characterized by smaller steam bubble sizes: the vol
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(d)
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Fig. 7. Distribution of steam bubbles by their diameters in the nearwall zone (20 mm) above the boiling surfaces at different heat
flux densities. Surface of sample: (a) No. 1, (b) No. 14, (c) No. 13, and (d) No. 10.

ume of water has approximately the same content (8–
25%) of bubbles with diameters from 1 to 6 mm and
approximately 35–40% of bubbles with a diameter
larger than 7 mm. During the boiling on a smooth sur
face, the major part of bubbles (66–100%) have diam
eters more than 7 mm, whereas bubbles 1 and 2 mm in
diameter account for 0–25%, and it should be noted
that these smaller bubbles are generated due to frac
ture of larger bubbles when they separate from the
boiling surface (film).
Floating bubbles have large diameters because they
merge before separation due to a high density of nucle
ation sites.
Such distribution pattern of bubble diameters and
such separation frequency testify that smaller steam
bubbles are indeed generated during the boiling on
surfaces obtained using the DCM, and that they sepa
rate from the surface at higher frequency, due to which
more intense heat transfer is achieved. The average
bubble floatation velocity in the nearwall zone (with a
height of 20 mm) above the boiling surface is shown in
Fig. 8. It can be seen that, as the liquid superheating
value in the nearwall region increases, so does the

floatation velocity. Some decrease in the floatation
velocity that is observed at heat loads ranging from
150–400 kW/m2 above the surfaces obtained using the
DCM is due to a large number of steam bubbles and
their merging during floatation, which has a decelerat
ing effect.
Critical heat fluxes. The critical heat flux values
depending on the geometry of enhanced surfaces were
determined (see Fig. 3).
The minimal increase of critical heat fluxes (up to
a factor of 2) was obtained on the surfaces of samples
Nos. 3 and 4 with macroroughness in the form of a set
of spherical dimples. For the surfaces of samples
Nos. 11–14 with microroughness in the form of 2D
microfins, the critical heat fluxes were increased by a
factor of 3.3–4.1. Figure 9 shows that, as the relative
height h/Δ of heatdissipating microfins increases, so
do the critical heat fluxes. The surfaces of samples
Nos. 14 and 16 with heatdissipating and heatreleas
ing microfins of the same height have approximately
the same level of critical heat fluxes. However, owing
to smaller heattransfer coefficients, burnout on the
surface of sample No. 16 with heatdissipating micro
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Fig. 8. Average bubble ascending velocity in the 20mm
high zone above different surfaces during the boiling of
water vs. the heat flux density. Surface of sample: (1)
No. 1, (2) No. 13, (3) No. 11, (4) No. 10, (5) No. 12, and
(6) No. 14.

Fig. 9. Influence of microfin height on the critical heat
fluxes. s = 160 μm, b = 50 μm. Δ = 110 μm, Δ/b = 2.2,
s/b = 3.2; ϕ = 0; , and  (q/qsm)cr, , and  [Δt/Δtsm)cr,
, and  heatreleasing fins, and , and  heatdissipating
fins.

fins occurs at higher differences between the tempera
tures of surface and liquid. As was pointed out in [9],
the average efficiency factor of fins on the surface of
sample No. 16 is equal to 0.78, and that for sample
No. 14 is equal to 1.0. Thus, the heat transfer coeffi
cients depend partially on the degree of surface exten
sion, and the critical heat fluxes depend in the main on
the hydrodynamic pattern of boiling (efficient micro
capillary inleakage of liquid through interfin gaps and
steam removal [9]).

microroughness amounted up to 6 and was due to the
presence of zones in which water is sucked to nucle
ation sites through microchannels between the fins,
due to large channels for steam outlet obtained as a
result of subjecting the surface to preliminary knurl
ing, and due to a relatively large height of fins.

It was found that burnout on the surfaces of sam
ples Nos. 11, 12, 14, and 16 occurs at higher wall
superheating values than on a smooth surface (see
Figs. 3, 9). In the studied range of heat flux densities,
our attempts to determine the critical heat fluxes for
the advanced surface of sample No. 15 were not met
with success. The critical heat flux growth ratio
obtained for the surface of sample No. 10 with 3D

The onset of burnout was determined from the typ
ical drastic growth of surface temperature accompa
nied by glowing of the surface, by the occurrence of a
break on the graph of specific heat flux vs. the temper
ature difference, and by a burnthrough of the surface
(Fig. 10).
Thus, the study results have shown that application
of heattransfer surfaces obtained by using the new
resourcesaving method for shaping a surface in the
form of 2D and 3D microfinned surfaces and channel
structures makes it possible to obtain essentially more
efficient heat transfer and higher heat fluxes during the

Burnout
location

Experimental plate

Fig. 10. Experimental plates after burnout and the place of burnout observed during the experiment.
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boiling of liquids. The heat flux density has been
increased by a factor of 4–6.
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