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A B S T R A C T

Experimental investigation of transient pool boiling heat transfer (PBHT) to saturated water from thick, non-
lumped 20mm diameter copper sample is carried at 1 bar, 5 bar and 10 bar pressure. The time constant (γ) of
exponential heat supply is varied from 1 to 6. The unidirectional scratches are made on the surface to obtain
wide range of surface roughness varying from Ra=0.106 μm to Ra=4.03 μm. The effect of surface roughness,
pressure and time constant on transient critical heat flux (CHF) is extensively studied. Transient CHF en-
hancement for Ra=4.03 μm when γ=1 is found to be 98.88%, 76.55% and 53.21% at pressures P= 1 bar,
P=5 bar and P=10 bar, respectively, however it is found to be lower by 9.38%, 21.40% and 9.73%, compared
to steady state CHF enhancement for Ra=4.03 μm, at respective pressures. The Gorenflo correlation is modified
by including the additional parameter γ and it predicts the present transient HTC values with mean absolute
error (MAE) of 14.91%. The CHF model is developed by considering the effect of capillary wicking in the narrow
unidirectional scratches and the bubble angle. This model predicts the present transient CHF values with MAE of
11.89%.

1. Introduction

The heat generation in the nuclear reactor is directly proportional to
the exponential of time constant (Q α eγ) where γ=t/τ, t is the period
of heating (sec) and τ is the exponential period (sec). Such exponential
power excursion in the bulky and non-lumped mass of nuclear fuel rod
may lead to the meltdown of the components due to loss of coolant. The
heat generation in the nuclear reactor should be efficiently removed by
the boiling fluid to keep the system temperature under control. It is
important to understand the transition mechanism of the non-boiling to
the film boiling regime of the fluid on thick heater. The experimental
investigation of the transient pool boiling heat transfer (PBHT) from
thin elements like ribbon, cylinder, wire or film during different tran-
sient heat supply like pulse, exponential or linear step type of heating is
carried out by the researchers and summary is presented in Table 1. The
transient CHF enhancement by surface modification of thin elements is
also reported by few researchers. For the first time, Rosenthal [1] ex-
amined the effect of transient heating on the transient CHF at atmo-
spheric pressure on platinum ribbon and reported that transient CHF is
not influenced by the transient state of heat supply. Johnson [2] in-
vestigated the transient boiling heat transfer at pressure up to
13.78MPa and commented that transient CHF for exponential heat
input exceeds the steady-state CHF. Extensive work is carried by Sa-
kurai and his research team [3–5] to understand the transient boiling
under exponential heat supply using thin elements on different wetting

fluids at different pressures. Sakurai et al. [3] studied the non-boiling to
film boiling transition in liquid nitrogen on horizontal cylinder for
various transient heat supply. They reported that steady state CHF is
higher than transient CHF. Sakurai and Shiotsu [4,5] carried experi-
ments on platinum wire in pool of water and reported that incipient
boiling temperature and its corresponding heat flux increases with
decrease in exponential period. They have found the non-uniform trend
of transient HTC with the exponential period. They commented that
transient CHF increases initially, then decreases and finally increases as
the exponential period decreases. Deev et al. [6] studied the effect of
heat generation in a heater on the transition from nucleate to film
boiling regime. A drastic reduction in the critical time interval and
transient CHF is reported in their study. They commented that transient
CHF decreases significantly with increase in the initial heat load. Duluc
et al. [7] studied the role of nucleation site density and the thermal
inertia of the flat thick test piece during stepwise heat generation. They
observed that onset of nucleate boiling (ONB) temperature in steady-
state condition is lower than that in stepwise heating. Recently, Su et al.
[8] studied boiling crisis on a plate heater due to exponential heating.
They identified ONB, onset of the boiling driven (OBD) phase and
temperature overshoot conditions for different period of exponential
transient. The ONB temperature and corresponding heat flux is found to
be increased with increase in the rate of exponential heating. Balakin
et al. [9] studied the influence of pressure, heater size and type of the
fluid on the boiling crisis during unsteady heating. They commented
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that size of the heater highly influences the extremum boiling crisis.
Drach et al. [10] studied the effect of surface roughness on the transient
PBHT of liquid nitrogen. A wide range of surface roughness values from
Ra=0.1 μm to 4.8 μm was examined. The researchers reported that the
ONB temperature exponentially drops with an increase in the surface
roughness value. However, they also observed that the increase in
transient CHF with the Ra was lower than the steady state CHF for all
the transient heat inputs. Fukuda et al. [11] also investigated the effect
of surface conditions of platinum cylinders in a pool of water on the two
different surface conditions with mirror surface (MS) and a rough sur-
face (RS) finished, however the exact surface roughness values are not
reported. Marginal changes are observed in transient boiling heat
transfer due to RS. Park et al. [12] investigated the dynamic PBHT of
highly wetting fluid like FC-72 from 1mm diameter horizontal cylinder
under an exponential heat supply. Two distinct mechanisms viz. HI, and
HSN were reported. The CHF in the steady-state condition at lower
subcooling occurred due to the time lag of HI, whereas the explosive
process of HSN during short period of transient in originally flooded
cavities resulted in the transient CHF. A comparative heat transfer study
was done between commercial surface (CS) of Ra=0.11 μm and RS of
Ra=0.24 μm. The CHF of the CS was considerably lower than that of
the RS during the short period, whereas it suddenly increased with the
increase in the period. This means that CHF during a short period is
highly influenced by the surface roughness. Htet et al. [13] experi-
mentally tested the transient boiling characteristics on CS, treated
surface I (TS-I) polished by buff paper together with alumina and
treated surface II (TS-II) finished by emery paper of a vertically oriented
ribbon. During slow transient, the enhancement in transient CHF of TS-

II was found to be 16% and 28% compared to the CS and the TS-I,
respectively. They also reported that transient CHF are dependent on
the period of transient as well as system pressure. It can be concluded
from the literature that most of the transient pool boiling study is
carried out with a lumped test sample like wire, thin cylinder or ribbon.
The effect of exponential transients on the transient heat flux from the
thick, non-lumped sample is rarely studied. The surface modification
for the heat transfer enhancement in water during transient heating is
rarely done. A unified correlation of HTC and CHF model for rough
surface during exponential heat supply is also not yet developed.

In the present study, the transient boiling characteristics of satu-
rated water under high pressure on thick rough sample are investigated.
The effect of exponential heat supply with different time constant and
pressure on ONB and CHF is studied. The enhancement in transient CHF
due to surface roughness is also reported. The compound effect of
surface roughness and rate of exponential heat supply on HTC is ex-
amined. A correlation, which predicts non-dimensional hts is developed
from the non-dimensional independent parameters- Pr, γ, Ra and ′′qts . A
CHF model is developed by considering capillary wicking and contact
angle.

2. Experimentation

2.1. Preparation of test samples

The top surface of six samples is polished by the 2000 grit sandpaper
to remove the contamination and to obtain uniform surface finishing.
Later, the test surface is polished by 1200, 800, 600, 120, 80, and 60

Nomenclature

C constant
Cp specific heat (J/kg K)
Db diameter of bubble (m)
F force (N)
g gravity (m/s2)
Hb bubble height (m)
h heat transfer coefficient (W/m2K)
hfg latent heat (J/kg)
kcu thermal conductivity of copper (W/mK)
m exponent for surface roughness
N number of capillary tubes
n exponent for heat flux
P pressure (bar)
Pr reduced pressure
Pr prandtl number
Q heat input (W)
q’’ heat Flux (W/m2)
Ra average roughness (μm)
Rq root mean squared roughness (μm)
Rz ten-point average roughness (μm)
Sm mean spacing (μm)
T temperature (°C)
t time (sec)
x distance (mm)

Greek Symbols

ΔT wall superheat (°C)
γ time constant
τ exponential period (sec)
ϴ angle (°)
λT Taylor unstable wavelength (m)
μ viscosity (N s/m2)

ρ density (kg/m3)
σ surface tension (N/m)

Subscripts

b bubble
0 reference
c capillary
g gravity
l liquid
m momentum
ov overshoot
s surface tension
sat saturated
suf surface
ss steady-state
ts transient-state
v vapor
w wall

Abbreviations

CHF critical heat flux
CS commercial surface
HI hydrodynamic instability
HSN heterogeneous spontaneous nucleation
HTC heat transfer coefficient
MAE mean absolute error
MS mirror surface
OBD onset of boiling driven
ONB onset of nucleate boiling
OV overshoot
PBHT pool boiling heat transfer
RS rough surface
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grit sandpaper in a single direction which forms the unidirectional
scratches. The number of stroke during the polishing is gradually in-
creased from 5 for 60 grit sandpaper to 50 for 1200 grit sandpaper.
Uniform pressure and continuous distilled water supply on the pol-
ishing surface are maintained during sample preparation. After pol-
ishing, all samples are sequentially cleaned in acetone, ethanol, and
distilled water.

2.2. Characterization

The samples are characterized by roughness and wettability mea-
surement in two steps, namely, before and after the boiling test. The
roughness parameter is measured using roughness tester (Mitutoyo).
Each sample is tested at six different locations where unidirectional
scratches are perpendicular to the direction of the testing probe. The
evaluation length is 4mm. The uniformity of the roughness values is
ensured over the entire surface by permitting±0.1 μm variation in the
readings of six different locations. The static contact angle of the 10 μl
water droplet for each sample is measured using goniometer (GBX
Digidrop). The contact angle is measured by positioning the unidirec-
tional scratches parallel and perpendicular to the axis of the camera.

2.3. Experimental setup

The experimental setup, as shown in Fig. 1, mainly includes a
boiling chamber, test section, condenser unit, and CCD camera. The
rectangular chamber has removable top and bottom flanges. The con-
denser coil is connected with the pump and is fixed to the top flange.
The test section is fitted to bottom flange. A K-type thermocouple and a
pressure transducer are fixed to the boiling chamber to measure the
bulk fluid temperature (Tl) and chamber pressure, respectively. Aux-
iliary heaters of 2000W capacity are used to maintain the saturated
condition of the distilled water. Transparent borosilicate glass is pro-
vided to the wall of boiling chamber for the visualization study. The
setup is integrated with NI-9213 temperature module and NI-9264 to
acquire temperature readings and to interface the computer with power
supply, respectively.

2.4. Test section

20mm diameter and 20mm length copper samples are prepared
and characterized. The main heater is inserted in the heating block.
Though the sample can be fixed on the heating block with perfect
surface contact, thin layer of thermal paste is applied to eliminate the
air gap. The assembly of sample and heating block is perfectly insulated
with glass wool bed as shown in Fig. 2. Glass wool bed is covered with
thick Teflon block. An O-ring and high-temperature non-corrosive RTV
silicone gasket are used between the test sample and insulation block to
prevent leakage and to avoid edge effect during the boiling test. K-type
sheathed thermocouples of 1mm diameter are used to measure the
temperature of the test sample at different locations. The thermo-
couples are implanted at 2mm, 6mm, and 10mm in the test sample
from the top surface and the temperatures Tm-1, Tm, and Tm+1 corre-
spond to these thermocouple readings, respectively.

2.5. Experimental procedure

The known quantity of DI water is filled in the boiling chamber
during each trial. DI water is rigorously boiled before each trial by the
auxiliary heater to remove the dissolved gases. Controlled analog sig-
nals are generated through NI-9264 which is monitored by LABVIEW
program. Thus exponentially varying voltage controlled-current signals
are supplied to the main heaters through the programmable DC power
supply (Sorensen; XG series). The time-variant exponential heat is
supplied where time constant varies from γ=1 to γ=6. The period of
exponential transient (t) is 10min. The time constant is calculated asTa
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γ= t/τ where τ is exponential period. The LABVIEW program is also
designed for recording the temperatures of the test piece at an acqui-
sition rate of 5 samples/sec by a NI-9213 temperature module through
cDaq-9178. The high speed camera (AOS Promon 501) used to record
boiling phases at certain interval of time is placed in front of the sight
glass. Diffused light source is placed in front of opposite sight glass. The
camera can record video at 1000 frames/s with 480× 240 pixel re-
solution. AF NIKKOR 50mm F/1.4D lens is used. The heat supply,
temperature acquisition and the high speed camera are synchronized
through workstation. The pressure in the chamber is controlled by a
proportional integral derivative (PID) pressure controller. Pressure
transducer synchronized with PID permits± 0.01 bar pressure varia-
tion during the trial.

The main heater and test sample are considered as the axisymmetric
system. As the surface properties are found to be uniform during
characterization, the heat flux from the top surface of the test sample is
assumed to be uniform. The heat flux dissipated to the boiling fluid and
the surface temperature can be estimated by the thermocouple read-
ings. The temperature distribution along the length of the test sample of

Ra=3.59 μm at P= 5 bar and γ=3, shown in Fig. 3, is obtained by
thermocouples which are implanted at 2mm, 6mm and 10mm from
the boiling surface. Though the temperature distribution at all the time
intervals are not perfectly linear (R2≠ 1), a linear fit is established.
This non-linearity exists due to temperature maldistribution close to
boiling surface during nucleate boiling. Gong and Cheng [14] in-
vestigated such temperature maldistribution based on pseudo-potential
liquid-vapor phase change lattice Boltzmann model. They found that
the depth of penetration of such maldistribution during transition re-
gime is three times the capillary length. The isotherm located in this
depth does not appear straight horizontal indicating non-uniform
temperature distribution. In the present study, temperature measure-
ment by the thermocouple implanted at 2mm from the boiling surface
may get affected due to significant maldistribution during high pressure
nucleate boiling.

The unsteady state heat flux from the top surface of the sample due
to exponential heating is calculated by Eq. (1).

Fig. 1. Experimental Setup.

Fig. 2. Test Section.

Fig. 3. Temperature distribution along the length of the sample.

A. Walunj, A. Sathyabhama Chemical Engineering & Processing: Process Intensification 127 (2018) 145–158

148



= −
−− +q k

T T
x

"
2Δts Cu

m
t

m
t

1 1
(1)

where Δx is the distance between two thermocouples.
The surface temperature of the sample is calculated by using Eq. (2).
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where, xm-1 is the distance between the surface of a sample and a top
thermocouple (Tm-1) and is equal to 2mm, as shown in Fig. 2.

Heat transfer coefficient (HTC) between the surface and water is
estimated by Eq. (3).

=
−
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q

T T
"

( )ts
ts

w
t

l (3)

2.6. Uncertainty

The uncertainty calculations are done by propagation of error
method. Due to temperature maldistribution, the uncertainty in the
temperature ( −Tm

t
1) measurement is± 1.1 °C. The uncertainty in tem-

perature ( +Tm
t

1) and distance measurement is± 0.1 °C and±0.0001m,
respectively. At high temperature, the uncertainty in the heat flux is
found to be 11.91% while the uncertainty in the surface temperature
is± 0.55 °C. The uncertainty in the HTC is found to be 16.20% at a
higher operating temperature. The uncertainty in the contact angle
measurement is± 1°. The uncertainty in pressure measurement is 0.2%
(full span is 0–27.4 bar).

3. Result and discussion

The average of roughness parameter obtained before and after
boiling test is tabulated in Table 2. Ra is estimated by considering the
average length between the peaks and valleys and the deviation from
the mean line on the entire surface within the sampling length. Thus Ra

neutralize the extreme peak or valley. Rz, the absolute depth of the
scratch, is the average of only five highest peak and five deepest valley
within sampling length. Furthermore, the wavelength of the scratches
that can be called as mean spacing between capillary tubes (Sm), is also
measured. It is clear and also confirmed in the literature [15,16] that Ra

fails to distinguish between two surfaces of different topography. On
the other hand, though Rz accounts TO the peak-to-valley distance, the
considered samples are just five. Thus to characterize the large flat
surface, Rz does not fit as a better measure. In the present study uni-
directional scratches are made on the sample where each scratch is
assumed as a capillary tube. Thus equivalence between radius of the
tube and Ra is considered. Further the number of capillary tubes can be
related to the mean spacing Sm. Thus Ra and Sm is taken into account
and its combined role in pool boiling heat transfer is discussed in the
present study where term Ra is used for classification of the tested
samples. This assumption seems most suitable than considering Rz.

Though Ra and Sm is considered as roughness parameter in this study,
role of Rz in the pool boiling heat transfer can not be neglected. The
static contact angle is measured at different sample position viz. per-
pendicular and parallel to the axis of camera. The average of four
measured contact angles corresponding to each sample is considered in
the present study, as shown in Fig. 4.

3.1. Typical boiling processes

The repeatability of the experimental values are verified by the
three pre-experimental runs on the plain surface. The validation of the
experimental results is presented in Walunj and Sathyabhama [17].
Thereafter, boiling curves for rough surfaces at different pressure are
obtained from single trial.

3.1.1. State of heating
The systematic study is carried out to examine the changes in the

boiling process during exponential heat supply compared to the steady
state condition. Fig. 5 shows the boiling curve of the smooth surface of
Ra=0.106 μm for steady and quasi-steady heat supply at P= 1 bar.
Steady state study comprises of an incremental heat supply at a certain
time interval ensuring the steady state condition of the temperature of
the sample. The mechanism of the bubble formation is found to be
steady where nucleation sites get activated gradually with increase in
the incremental heat supply. The mechanism of the liquid replenish-
ment does not affect adversely and hence the fully developed nucleate
boiling (FDNB) regime is found to be prolonged. The boiling phases
from non-boiling to the film boiling are carefully noticed during ex-
ponential heat supply. Non-boiling phase turns to nucleate boiling at
point A’ as shown in Fig. 5. Heat flux rapidly changes after point A’ due
to heterogeneous spontaneous nucleation (HSN) in the originally
flooded cavities. This boiling phase is able to extract the heat from the
sample surface as efficiently as that of steady state and thus it follows
the steady state curve upto point B’. The stored energy in the sample
continuously increases due to exponentially increasing heat supply. The
entire surface gets covered with the discrete bubble and thus FDNB
phase begins at point B’. Rapid increase in the surface temperature
leads to an instability in the liquid-vapor motion and thus, liquid supply
to the dry-out area becomes inefficient. Bubble coalescence is observed
where bubble begins to spread horizontally on the surface. This me-
chanism of bubble growth degrades the heat dissipation from the sur-
face which results in the increase in surface temperature. Finally,
transition into film boiling regime occurs at point C’ where vertical and
horizontal bubble coalescence forms vapor film on the entire surface. It
is commented that the boiling mechanism is influenced by the heating
condition.

3.1.2. Transient boiling curve
The transition mechanism in the boiling process of smooth surface

during quasi-steady and rapid exponential supply is also studied. The
boiling curves of the sample of Ra=0.106 μm at γ=1 and γ=6 are
shown in Fig. 6. The transition from non-boiling regime to boiling re-
gime substantially depends on the rate of exponential heat supply. For
quasi-steady heat supply of γ=1 with long period, nucleation occurs at
lower wall superheat (point A) compared to that for rapid heat supply
of γ=6 with short period (point A’) as shown in Fig. 6. Spontaneous
nucleation occurs at point A resulting in high flux from the surface
which turns into FDNB regime at point B. Quasi-steady transition from
FDNB regime to film boiling regime is found at point C due to slow
exponential heating at large period. As commented by Sakurai et al.
[3], during quasi-steady heat supply, HSN occurs at less number of
nucleation sites which result in the gradual levitation of the super-
heated liquid from the boiling surface. Small number of detached
bubbles cause mixing of the superheated liquid with the bulk fluid and
will activate the remaining originally flooded cavities. This entire
process occurs slowly and hence wall superheat increases gradually
with the increase in the heat flux. During heat supply at γ=6, non-
boiling regime, governed by natural convection heat transfer, turns into
boiling regime at point A’. At γ=6, since rapid heat is supplied for a
short period, explosive bubble formation is observed which results in

Table 2
Roughness parameters in μm.

Ra Rz Rq Sm

0.106 1.20 0.14 13.2
0.83 7.05 1.07 26.8
1.87 13.30 2.40 35.7
3.17 22.91 4.12 42.2
3.59 27.55 4.09 44.8
4.03 26.50 4.95 45.2

A. Walunj, A. Sathyabhama Chemical Engineering & Processing: Process Intensification 127 (2018) 145–158

149



the sudden rise in heat flux during boiling phase from A’ to B’. Thus
semi-direct transition is observed from the FDNB to film boiling regime
during rapid heat supply. It is commented that the nature of phase
transition from non-boiling to film boiling regime depends on the rate
of exponential heat supply.

3.2. Effect of surface roughness on transient pool boiling heat transfer

The trials are conducted with the samples of wide variation in the
surface roughness values at 1 bar, 5 bar and 10 bar pressures by sup-
plying exponential heat at different time constant. The representative
boiling curves of different Ra are shown in Fig. 7(a)–(c) for P= 1 bar;
γ= 2, P= 5 bar; γ= 3 and P=10; γ= 6, respectively. Program con-
trolled quasi-steady heat ( ∝Q eγ) is supplied at γ=1 for long period of
transient whereas rapid heat is supplied at γ=6 for short period of
transient. It is clearly observed from Fig. 7 that boiling curves of the
sample move to the left with increase in Ra indicating increase in heat
transfer coefficient due to enhanced heat transfer at reduced wall

Fig. 4. Variation in static contact angle with Ra.

Fig. 5. Boiling curves at steady and quasi-steady heat supply.

Fig. 6. Boiling curves at exponential heat supply of γ=1 and γ=6.

Fig. 7. Effect of surface roughness on transient pool boiling heat transfer at (a)
P= 1 bar, γ= 2 (b) P= 5 bar, γ= 6 (c) P=10 bar, γ= 3.
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superheat. The absolute depth Rz plays vital role in boiling incipience. It
is observed during characterization that Rz increases with increase in
Ra. Thus the cavities on the surface increase resulting in early boiling
incipience. It is observed that the ONB temperature gradually decreased
with increase in Ra at different pressures. Further, the unidirectional
scratches act as narrow passages for the liquid supply to the nucleation
sites. Liquid replenishment improved due to capillary action through
the scratches. This mechanism enhances the heat transfer. It is found
during heat supply of γ=6 at P= 5 bar that ONB temperature for
Ra=0.83 μm, Ra=1.87 μm, Ra=3.17 μm, Ra=3.59 μm and
Ra=4.03 μm reduced by 4.73%, 12.50%, 26.76%, 34.14% and
38.42%, respectively, from that of Ra=0.106 μm.

3.3. Effect of exponential heat supply on pool boiling

The exponential heat is supplied to the samples of different Ra at
time constant γ varying from 1 to 6 at different pressures. Fig. 8(a)–(c)
depict the effect of γ on pool boiling heat transfer for selected combi-
nation of P and Ra. It is found that time constant γ affects the boiling
process adversely irrespective of the surface characteristics and system
pressure. Boiling curves plotted in Fig. 8 for each sample shift towards
right with increase in γ which suggests that heat transfer decreases with
increase in γ. The mechanism of heat transfer gradually becomes un-
stable due to increase in the rate of heating. The number of complete
bubble cycles that can be possible at each nucleation site reduces with
increase in the rate of heating. The rapidly increasing heat supply
during short period (γ=6) triggers the bubble frequency which leads
to the early bubble coalescence. The FDNB regime drastically reduces
with increase in the rate of heating. It is also noticed that ONB heat flux
and ONB temperature increase with increase in the time constant. Si-
milar results are reported by Su et al. [8] and Sakurai et al. [18]. They
suggested that the variation in moment of ONB can be estimated by a
combination of the analytic transient conduction temperature profile in
water and the Hsu’s nucleation criterion. It is observed during the trial
at P= 5 bar on the sample Ra=4.03 μm that ONB temperature during
heat supply at γ=2, γ=3, γ=4, γ=5 and γ=6 increased by
39.07%, 49.39%, 74.51%, 122.81% and 133.98%, respectively, from
that of γ=1.

3.4. Effect of pressure on transient pool boiling

The pool boiling tests are conducted at 1, 5 and 10 bar pressures on
each sample. It is found that the transient heat transfer from the sample
substantially increased with increase in the pressure. Points A, A’ and A’’

marked on the boiling curves represent the ONB point at P= 1 bar,
5 bar and 10 bar, respectively, as shown in Fig. 9, for γ=1 and γ=3.
The ONB temperature reduced with increase in the pressure. Rate of
heat transfer immediately after the spontaneous nucleation also in-
creased with increase in the pressure. The partial nucleate boiling re-
gime turns into FDNB regime at point B, B’ and B” where nucleate
boiling regime extends with increase in pressure irrespective of the rate
of transient. The transition from FDNB regime to film boiling regime
varies with the pressure. At P= 1 bar and 5 bar, semi-direct transition
is noticed at point C and C’, respectively, whereas at P= 10 bar, quasi-
steady transition is noticed at point C’’. During visualization, it is found
that tiny bubbles are formed and depart independently at high pressure
and hence bubble coalescence is retarded resulting in drastic increase in
the heat transfer compared to 1 bar and 5 bar pressures. It is com-
mented that heat flux is strong function of system pressure compared to
the time constant of exponential heat supply.

3.5. Onset of nucleate boiling and overshoot temperature

In the present study, high speed camera, programmable power
supply and acquisition of thermocouple reading are synchronized by
workstation. This ensures the physical identification of the exact

moment of ONB and its corresponding measured temperature can be
assured through the common platform of LABVIEW program. During
quasi-steady heat supply, two different incidents are identified im-
mediately after ONB as shown in Fig. 10. ONB is observed in the be-
ginning which is followed by the onset of boiling driven (OBD) phase.
ONB and OBD are observed by the high speed camera. The sudden rise
in the heat flux from the surface is noticed as number of bubble con-
siderably increased at OBD. At quasi-steady heat supply, the stored
energy in the sample drops due to OBD heat transfer which results in
sharp fluctuation in the measured temperature immediately after OBD.
This moment at which surface temperature drops is called as overshoot

Fig. 8. Boiling curves of the sample (a) P= 1 bar, Ra=1.87 μm (b) P= 5 bar,
Ra=4.03 μm (c) P= 10 bar, Ra=0.106 μm at different γ.
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(OV) temperature. The ONB and OBD points coincide during the rapid
transient as the explosive bubble growth is observed at the ONB. The
absence of OV temperature indicates that the heat removed after ONB is
not enough to reduce the rapidly increasing surface temperature.

3.6. Variation in transient HTC with transient heat flux

Non-dimensional hts and qts is derived from the reference values of h
and q suggested by Kim et al. [19] as given in Eq. (4). The values h0 and

′′q0 are calculated from the thermo-physical properties of the saturated

liquid at reference condition of 1 bar, 5 bar and 10 bar pressure. Var-
iation in non-dimensional hts with non-dimensional qts at each pressure
for different Ra is shown in Fig. 11. The curves shift upward gradually
with increase in the surface roughness at each pressure. The identical
trend of the curves is observed for each time constant of exponential
heat supply. It suggests the augmentation of HTC due to increase in the
Ra and pressure.

Fig. 9. Boiling curves of the sample Ra=0.106 μm at time constant (a) γ=1
(b) γ=3 at different pressures.

Fig. 10. Time trace of the surface temperature at P= 1 bar.

Fig. 11. Variation in non-dimensional hts with non-dimensional qts for different
surface roughness at (a) P= 1 bar, γ=3 (b) P=5 bar, γ=5 (c) P=10 bar,
γ=2.
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3.7. Critical heat flux

The transition from FDNB to film boiling occurs due to formation of
vapor blanket on the entire surface. The upper limit of the heat flux at
this moment is defined as CHF. The peak of the curve shown in Fig. 11
that corresponds to the maximum HTC is identified as CHF. After CHF,
the HTC decreases with the increase in the wall superheat. Though the
present study is focused on transient pool boiling heat transfer, the
steady state pool boiling study is also carried to examine the effect of
heating condition on CHF. The steady state CHF values for different Ra

are plotted in Fig. 12 at 1 bar, 5 bar and 10 bar. The transient CHF of
different samples at the time constant γ=1 and γ=6 is also plotted in
Fig. 12 at different Ra for comparison. It is found that both, steady and
transient CHF increase with increase in the Ra as well as with increase
in the pressure. The comparative study suggests that transient CHF is
lower than that of the steady state CHF for each sample.

The mechanism of liquid-vapor interaction plays vital role in the
occurrence of CHF. The rapid unsteady state heat supply causes the
instability in the liquid replenishment. The thickness of superheated
liquid layer increases in the same order as that of heat supply resulting
in drop in the surface tension forces on the bubble meniscus. At this
dynamic phase, bubble rapidly spreads over the horizontal surface
causing large bubble to depart from the surface.

The transient CHF for Ra=4.03 μm at heat supply of γ=1 and
γ=6 is found to be 9.38% and 24.60%, respectively, lower than the
corresponding steady-state CHF at P=1 bar. The transient CHF for
Ra=4.03 μm at γ=6 is found to be 31.60% lower than the corre-
sponding steady-state CHF at P=10 bar. It is found that transient CHF
of Ra=4.03 μm during exponential transient of γ=1 is higher than the
steady state CHF of Ra=0.106 μm. Hence, conclusion may be drawn
that drop in the CHF due to unsteady heat supply of γ=1 can be
compensated by making the surface rough. This can be explained by
bubble dynamics and wettability study. As discussed earlier, though it is
vague to characterize surface solely based on Ra, it is the most suitable
parameter related to the unidirectional scratches, where Ra relates to
the radius of the capillary tube. Additional parameter Sm is also quan-
tified to explain the role of unidirectional scratches in CHF enhance-
ment. It is observed during characterization that mean spacing Sm be-
tween two adjacent scratches increases with increase in Ra. It is thus
complex phenomena to justify the CHF enhancement. Hydrophilicity of
the rough surface and the quantity of liquid supply through the scrat-
ches increase with increase in Ra. The increase in Sm resulted in the
increase in spacing between the nucleated bubbles. Thus horizontal
bubble coalescence is retarded at high heat flux. Increased distance
between two adjacent bubbles also triggered the induced liquid supply
from the peak of scratch. Thus the combined effect of Ra and Sm resulted
in CHF enhancement. Increase in the time constant γ has remarkably
reduced the transient CHF and it is found that drop in the CHF during
short transient (γ=6) can be compensated only at P=1 bar and
P=5 bar by increasing the surface roughness upto 4.03 μm. The var-
iation in CHF at P=5 bar with Ra at different time constant γ is shown
in Fig. 13. Marginal drop in the transient CHF is noticed due to increase
in the γ. At P=5 bar, 2.56% and 16.95% drop in the CHF for
Ra=4.03 μm is found due to increase in the γ from 1 to 6, respectively.
It is found that the transient CHF for Ra =0.106 μm increases by
40.21% and 128.66% due to increase in the pressure to P=5 bar and
10 bar, respectively.

The variation in CHF with γ at P=10 bar is shown in Fig. 14. It is
found that transient CHF gradually decreased with increase in the γ of
exponential heat supply. The CHF values for the sample Ra =4.03 μm
dropped close to the CHF value for Ra =3.59 μm which justifies the

inefficient heat removal from the surface during rapid exponential
heating. It is clear that nucleation site density increases with increase in
Ra and surface temperature. The rapid heat supply to the sample of Ra

=4.03 μm at γ=6 can trigger the number of bubbles by multifold
which leads to horizontal bubble coalescence. This mechanism of
boiling at rapid heating suggests the upper limit of the Ra which re-
moves the heat efficiently during transient heat supply.

3.8. Transient maximum heat transfer coefficient

Transient maximum heat transfer coefficient (hmax,ts) obtained for
each sample at different pressure and heat supply of different time
constant is presented in Fig. 15. It is found that hmax,ts considerably
increased with increase in Ra signifying the efficient heat removal
during each transient heat supply due to improved surface roughness
values. The time constant during exponential heat supply has adverse
effect on hmax,ts however it is found to be moderate. The percentage
increase in hmax,ts increases with increase in the pressure at fixed Ra.

4. CHF and HTC correlation

In this investigation, it is found that transient CHF decreases with
increase in the time constant and CHF of steady state condition is found
to be higher than transient CHF for each sample. It is important to
develop a relation between steady and transient CHF to predict the drop
in CHF due to transient heat supply. A correlation for steady state CHF
as a function of Ra and P is derived as given in Eq. (5) by least square
regression analysis. It illustrates that the influence of Ra and P on CHF
diminishes at relatively high value. The predicted ′′qCHF ss, and experi-

mental ′′qCHF ss, are compared and it is found that present correlation

predicts ′′qCHF ss, with MAE of 6.05%. The correlation of ′′qCHF ts, , as given
in Eq. (6), is also developed by similar method and the comparison
between predicted ′′qCHF ts, and experimental ′′qCHF ts, is given in Fig. 16.

This correlation predicts ′′qCHF ts, with MAE of 10.11%.

=′′q R P1280.8 ( ) ( )CHF ss a,
0.14 0.27 (5)

=′′ −q γ R P1031.9 ( ) ( ) ( )CHF ts a,
0.08 0.14 0.27 (6)

A relation between steady and transient CHF is derived using Eqs.
(5) and (6) and is expressed in Eq. (7).

=′′ − ′′q γ q0.81( )CHF ts CHF ss,
0.08

, (7)

Many investigators have suggested that HTC is a strong function of
surface roughness and correlations in the form of h α CR qa

m n are

Fig. 12. Effect of surface roughness on steady and transient CHF at various
pressures.
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proposed. The correlation presented by Gorenflo [20] is found to be
useful, as it predicts the HTC of almost all the fluids at high pressure.
Gorenflo [20] used the exponent of Ra, m=0.133 as suggested by
Stephan [21]. A simplified form of Gorenflo correlation is given in Eq.
(8).

= × × ×′h h F F FP q R (8)
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The reference conditions for pure water are h’=5600W/m2K,
q’=20,000W/m2 and Ra0=0.4 μm. The values of predicted HTC by
Eq. (8) are compared with experimental values and it is found that error
between the experimental transient HTC and predicted HTC increases
with increase in the time constant γ. In present study it is found that
HTC is also the function of γ. As Eq. (8) does not consider the effect of γ
for the prediction of HTC, it is found that predicted HTC values are
higher than the experimental values. The MAE between predicted and
experimental HTC is 20.96%. Hence the Gorenflo correlation is mod-
ified to account for the effect of transient heat supply wherein the time
constant γ is incorporated. γ can be called as non-dimensional time
value which justifies the rate of transient i.e. slow, intermediate or
rapid transient. Thus, modified Gorenflo correlation is formulated as
given in Eq. (9).

= × × × ×′h h F F F Fts P q R γ (9)

where, = =( )F γγ
s t

τ

s

Following the Gorenflo’s work, the exponent of the time constant is
obtained from the regression analysis. The predicted HTC values are
plotted at corresponding experimental values as shown in Fig. 17. It is
found that MAE between the experimental and predicted HTC is
14.91% at s=−0.15. The negative value of s justifies the inverse re-
lation between HTC and γ. HTC considerably drops with increase in γ
due to its adverse effect on bubble mechanism. This mechanism is
discussed in the earlier section.

5. CHF model

Critical heat flux is the maximum limit of efficient heat removal
from the surface and hence it is vital to predict the CHF through the
knowledge of governing mechanism. Several approaches have been
proposed earlier which can be broadly classified as far-field and near
field model. Zuber [22] proposed the hydrodynamic instability model
considering the far-field effect wherein it was assumed that CHF occurs
because of Helmholtz instability. At the point of CHF, Helmholtz in-
stability of the departing bubble becomes unstable which results in the
failure of the surface-fluid interaction. Lienhard and Dhir [23] modified

Fig. 13. Effect of surface roughness on transient CHF at different time constant
(γ).

Fig. 14. Effect of time constant on transient CHF at different surface roughness.

Fig. 15. Effect of surface roughness on transient HTC at different time constant
and pressure.

Fig. 16. Comparison of predicted CHF by Eq. (6) with the experimental CHF at
exponential heat supply.
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Zuber’s model by considering the dominance of Taylor wavelength at
CHF. These approaches do not consider the role of surface character-
istics in the occurrence of CHF. Moreover, the effect of contact angle
and surface forces are not considered in their model. Macrolayer eva-
poration model so called near field approach was proposed by Har-
amura and Katto [24]. This model assumes the bubble growth over the
macrolayer and at complete dry-out condition of the macrolayer leads
to the CHF. Zhao et al. [25,26] developed the CHF model for steady and
transient heating condition. They estimated the time variant microlayer
thickness and its evaporation during each bubble cycle. A complete
evaporation of microlayer thickness is considered as a liquid dry-out
which results in the CHF. Recently, researchers proposed the hydro-
dynamic model coupled with surface-fluid characteristics like contact
angle [27,28], surface roughness [19,29–31], heater size [32], nu-
cleation site density [33], capillary wicking [34] and heater orientation
[35]. Most widely accepted CHF model proposed by Kandlikar [28] is
based on force balance approach. The CHF is identified by balancing
the forces acting on the bubble parallel to the upward facing boiling
surface. It is considered that at CHF, bubble spreads over the surface
resulting in the formation of vapor blanket. Ahn et al. [34] claimed the
key role of wetting property and liquid spreading due to capillary
wicking of the surface in the CHF enhancement. Separate term of ca-
pillary wicking was included in the model to estimate CHF. Quan et al.
[36] developed CHF model for micro/nanostructures based on force
balance analysis, considering the effects of contact angle, capillary
wicking force and roughness factor r. Li and Huang [31] recently pro-
posed CHF model for the surfaces of micro roughness which includes
micro-pillar, micro-ridge structures as well as random roughness made
by emery paper. The CHF enhancement was accounted by considering
separate term in the Kandlikar’s model. This term signifies heat flux due
to evaporation of the capillarity-induced liquid supply. Kim et al. [19]
considered the effect of roughness due to unidirectional scratches on
the contact angle and the same is incorporated in the Kandlikar’s

model. They assumed that each unidirectional scratch acts as a capillary
tube and thus relates the surface roughness with the capillary tube
radius. Additional force due to capillary action through the scratches is
estimated as a function of surface roughness. Thus CHF enhancement
due to increase in the surface roughness is predicted by the proposed
model.

5.1. Present model

It is proved by the earlier study that CHF enhancement due to im-
proved surface characteristics like micro-pillar structure, surface
roughness, surface wettability and nucleation site density can be
modelled by force balance approach. As Ra solely can not characterize
the surface, additional parameter i.e. spacing between two adjacent
scratches (Sm) is also considered in the present model. Static contact
angle between water droplet and the surface before the pool boiling
experiments is considered in the literature. The parameter, so called
bubble angle (ϴb), is the angle between the bubble meniscus, surface
and the surrounding liquid seems to be the most relevant and real time
entity to be considered instead of contact angle of the water droplet.
Phan et al. [37–39], Teodori et al. [40] and Malavasi et al. [41] sug-
gested a relation between static angle and bubble angle. The trend of
bubble departure diameter and contact angle was also presented. They
developed a model where the concept of macro- and micro-contact
angles is coined. In the present study, the bubble angle for four discrete
bubbles at each pressure and roughness value is measured. Schematic
diagram of bubble angle measurement is shown in Fig. 18. The average
value of bubble angle at different pressures is given in Fig. 19. It is
found that contact angle of the water droplet measured at 25 °C is ap-
proximately 9° higher than the bubble angle measured at saturated
condition. This bubble angle study suggests that surface becomes hy-
drophilic with increase in Ra. However influence of Ra on bubble con-
tact angle diminishes at high pressure.

Present study thus includes the effect of surface roughness on
bubble angle at different pressures which is not yet considered in the
CHF model presented in the literature. Present experimental study of
transient pool boiling is carried out at high pressure of distilled water
using samples of different surface roughness value. The time constant
(γ) should be included separately in the CHF model to predict transient
CHF. The forces acting on the bubble parallel to the surface, as shown in
Fig. 20, are considered in the present force balance approach. Bubble
experiences a pull force FM during unsteady growth due to momentum
change which allows bubble to spread over the surface. Simultaneously,
sum of drag forces like surface tension force, gravity and capillary force
also acts on the bubble which retains its original position and does not
allow its horizontal growth. Visualization study suggests that fully de-
veloped nucleate boiling regime turns into film boiling due to pro-
gressive horizontal bubble coalescence. This phase transition occurs
when FM surpasses the sum of drag forces resulting in CHF which is
upper limit of efficient heat removal from the surface.

CHF is identified by the force balance as given in Eq. (12).

= + + +F F F F FM s t s b g c, , (12)

A growing bubble experiences a force on its meniscus due to the

Fig. 17. Comparison of predicted transient HTC by Eq. (9) with the experi-
mental HTC.

Fig. 18. Schematic representation of bubble angle measurement.
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change in momentum caused by the increase in velocity. FM is the
momentum change due to evaporation of the liquid and can be ex-
pressed as given in Eq. (13).
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Fs,t and Fs,b, given in Eq. (14), are the surface tension forces acting at
top and bottom of the bubble, respectively.

= =F σ F σ θ, coss t s b b, , (14)

Fg refers to the gravity force which is formulated in Eq. (15) for the
horizontal upward facing surface.

= −F g ρ ρ H1
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( )g l v b
2
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Hb is the equivalent height of the bubble and it is obtained by Eq.
(16). Bubble diameter can be formulated, as given in Eq. (17), from
Taylor unstable wavelength, as suggested by Kandlikar [28].
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The capillary pressure Pc which acts on the bubble through the small
tube of radius Rc is derived by Young-Laplace equation, as given in Eq.
(18).

=P σ θ
R

2 cos
c

b

c (18)

Each unidirectional scratch on the surface is assumed as a single
capillary tube and many such tubes lie underneath the bubble.

Considering this assumption, it can be expressed, as given in Eq. (19),
that the radius of the capillary tube is proportional to the roughness
value Ra.

∝R Ra c (19)

Capillary force expressed by Eq. (20) considers the number of ca-
pillary tubes underneath the bubble, radius of each tube and the ca-
pillary pressure inside each tube.
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Kim et al. [19] expressed the capillary force, as given in Eq. (21), by
considering inverse proportion between N and Sm.
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Combining all the above forces, force balance is expressed by Eq.
(22).
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Eq. (23) is obtained by rearranging the above equation to express ′′ql
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Steady-state CHF can be obtained by the Eq. (24) as suggested by
Kandlikar [28].

= ⎛
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The final form of transient CHF model of the samples with wide
range of surface roughness Ra under exponential heat supply ranging
from γ=1 to γ=6 at pressure upto 10 bar is obtained by combining
Eqs. (7), (23) and (24) and is given in Eq. (25).
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The proportionality constant C determines the number of tubes
underneath the growing bubble. As the bubble base diameter decreases
with increase in pressure, the value of C decreases with increase in the
pressure. It is obtained from Eq. (25) using θb, Ra, Sm, and CHF. The
transient CHF obtained by Eq. (25) is compared with present experi-
mental data and presented in Fig. 21. The predicted transient CHF is
found to be in good agreement with the experimental transient CHF
with MAE of 11.89%. Thus new term viz. time constant (γ) and bubble
angle (θb) are included in the transient CHF model wherein roughness

Fig. 19. Variation in bubble angle with Ra at different pressure.

Fig. 20. Forces acting on the bubble parallel to the surface.
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parameter Ra and Sm is also considered.

6. Conclusion

The pool boiling experiments were conducted on the samples of
wide range of Ra varying from 0.106 μm to 4.03 μm in saturated water
at pressures 1 bar, 5 bar and 10 bar at different rate of exponential heat
supply. Effect of Ra and γ on transient CHF was extensively examined at
various pressures. Transition of boiling phase at different time constant
of exponential heat supply was observed by high speed camera.
Following conclusions are deduced from the present study.

• HSN is observed during initial phase of the boiling i.e. before FDNB
regime whereas CHF during exponential heat supply occurred due to
hydrodynamic instability.

• Steady-state CHF is found to be higher than the transient CHF for all
the samples. Steady-state CHF for Ra=0.106 μm at P= 10 bar is
found to be 41.48% higher than the corresponding transient CHF
during γ=6.

• Considerable increase in the transient CHF is noticed with increase
in Ra and P whereas it gradually decreases with increase in γ.

• Compound effect of Ra and Sm resulted in the CHF enhancement
which can be justified by improved capillary wicking and increased
number of nucleation sites. Transient CHF enhancement for
Ra=3.59 μm at γ=1 is found to be 69.87%, 65.76% and 43.19% at
pressure P=1 bar, P=5 bar and P= 10 bar, respectively.

• The transient CHF for Ra=3.17 μm at P=5 bar and P=10 bar
during exponential heat supply of γ=3 increased by 32.13% and
91.48%, respectively, from that of at P=1 bar.

• Transient CHF decreased gradually with increase in γ. At
P= 10 bar, the transient CHF for the sample of Ra=1.87 μm is
found to be decreased by 9.12% due to increase in the γ from 1 to 6,
respectively.

• Modified Gorenflo correlation, which includes the non-dimensional
time constant γ, predicts the present transient HTC values with MAE
of 14.91%.

• CHF model based on force balance approach is developed in-
corporating the effect of Ra, Sm, time constant γ and bubble angle.
The present model predicts the transient CHF with MAE of 11.89%.
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