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Abstract

Motivated by the increasing need for effective cooling solutions in high-energy-density systems,
this experimental study presents the two-phase cooling of a superheated SS 316L sample via
immersion quenching in saturated deionized (DI) water at atmospheric pressure conditions with
and without a DC electric field. We investigate the effect of the applied electric field, electrode
polarity, and in-situ oxidation on quenching characteristics such as the cooling profile, vapour
layer behaviour, minimum film boiling temperature (Tmin), and heat transfer rate. The cooling
curves of samples quenched with the application of an electric field shift towards the left
compared to the sample quenched without an electric field. The cathode sample at 200 V exhibits
33% faster cooling than the bare sample (0 V). Overall, the in-situ oxidised SS 316L cathode
sample at 200 V exhibits a 55% reduction in film boiling duration, and Tmin increased from
268 °C to 322 °C compared to the bare sample (0 V). The visualisation studies highlight that the
liquid-vapour interface experiences a series of oscillations followed by temporal collapse due to
electrostatic attraction and electrolytic activity. The obtained results show that hydrogen-rich
vapour bubbles increase heat transfer performance. The evolution of hydrogen and its adsorption
at the sample surface reduces the activation energy for bubble nucleation and improves the bubble
density via liquid pumping. These insights open the pathway for employing hydrogen bubbles
for handling ultra-high thermal loads in high-energy density systems, and the specific case of a

revised design of concentrating solar receiver is considered based on the present findings.
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1. Introduction

Green and sustainable cooling technologies are vital for health care services, food and nutrition
safety, well-being and thermal comfort of humans [1,2] reducing the environmental impact of
cooling systems (air conditioning and refrigeration systems) [3,4] and minimizing energy
consumption by sustainable and renewable energy systems [5,6]. One of the essential steps
toward carbon neutrality in power generation is the development of efficient cooling solutions
for sustainable and renewable energy systems. The effectiveness of cooling technologies shapes
the innovations in high power density sustainable energy systems such as nuclear reactors,
concentrated solar thermal power systems, and fuel cells. Ensuring the efficient cooling (thermal
comfort) of the system components is the primary design factor to facilitate their efficient and
safer operation [7]. Inefficient cooling/low heat dissipation rate (thermal distress) in these high-
density energy systems leads to decreased energy efficiency, increased energy consumption, and
carbon footprint [8]. In the worst-case scenario, a lack of efficient cooling can leave an
irrevocable impact on the environment. For instance, in nuclear power plants, in the event of an
unprotected transient over-power accident, the nuclear fuel rod melts and forms highly
radioactive corium debris. Thus, in turn leads to significant heat accumulation inside the reactor
core. To avoid any further damage, e.g., complete meltdown of the reactor core and release of

radiation into the environment, the accumulated heat must be dissipated rapidly [9,10].

As another example, for direct steam generation, major developments have focused on beam down
technologies coupled with point-focusing system [11,12]. They are cost-efficient, has low CO;
emissions, and mitigates the use of hazardous thermal oil as heat transfer fluids [13,14]. In these
systems, concentrated solar energy is transferred directly to solar cavity receiver where it is utilized
to produce high quality steam for electricity generation. Here, the overall solar-to-electrical energy
conversion primarily depends on the thermal efficiency of the solar receiver [15].

The critical factor that hinders the thermal efficiency (heat dissipation rate) of the receiver is
the boiling crises such as film boiling [16]. Under high solar flux conditions, the solar receiver
suffers from low heat transfer rate due to the vapour layer formation on the receiver surface,
which prevents the direct contact between the receiver and water. As a result of low heat
dissipation rate, the input solar thermal energy accumulates in the cavity receiver and causes

the material degradation followed by complete breakdown of solar receiver.

To prevent the film boiling, augment the operating capacity and the thermal efficiency of the
solar cavity receiver at high solar flux conditions it is crucial to enhance the heat dissipation
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rate. Therefore, developing an efficient heat transfer strategy that facilitates enhanced heat
dissipation rate at high superheats in sustainable energy systems is paramount and it will be

even more crucial in the coming decades as power demand continues to grow.

When faced with such demands, two-phase heat transfer is preferred for heat dissipation at high
superheats. Two-phase heat transfer solutions involve two approaches: (i) active liquid
circulation such as spray/jet impingement [17-19], flow boiling [20-22], and (ii) immersion
cooling [23-25]. Although spray/jet impingement and flow boiling offer higher heat transfer
coefficient they inevitably suffer from hydrodynamic instabilities, non-uniform heat transfer
coefficient on the heater surface, coolant leakage, and complicated system design with more
active functional components requiring significant amount of electrical power (pumping
power) to facilitate the cooling process. In contrast, immersion cooling includes simple system
design without any complicated moving parts and also energy efficient. Therefore, this study
focuses on the immersion cooling method in particular transient cooling as an effective strategy

for enhancing the heat dissipation rate at high superheat.

At high superheats the coolant undergoes rapid evaporation to form an insulating vapour layer
around the heated surface, which deters the heat transfer rate by cutting off the direct contact
of coolant-heated surface This condition is termed film boiling [26]. Two critical parameters
of film boiling are minimum film boiling temperature (Tmin) and vapour layer instability. Tmin
indicates the termination of film boiling, and vapour layer instability dictates the film boiling
heat transfer rate. Here, the ultimate objective is to achieve efficient cooling by increasing Tmin

and vapour layer instability.

In this regard, researchers have employed both passive and active heat transfer enhancement
techniques. The former involve cooling surface and/or coolant modifications [27], while the
latter involve external force fields such as electric or magnetic fields, mechanical agitation, and
acoustic vibrations [28]. Ample research focused on developing new coatings [29,30],
micro/nanostructures [31,32] to elevate Tmin. In film boiling, the height of developed
nano/microstructures must be higher than the vapour layer thickness; otherwise, the
enhancement effect by surface modification is negligible [33]. Further, the structural integrity

of developed coating/structures at high temperatures is also a major concern.

On the other hand, the coolant modification approach is limited by operating temperature due to
the thermal degradation of additives in the coolant. On the contrary, active approaches have the
advantage of not requiring additional sample or coolant modification, although they involve more
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complicated system design (e.g., requiring a magnetic field, mechanical agitation, or acoustic
vibrations) and can be expensive [34]. Such complications can be avoided using an external
electric field for active heat transfer enhancement. So, the present experimental investigation
focuses on employing electric fields to enhance the transient heat transfer and Tmin.

Celestini et al. [35] demonstrated the influence of an electric field to alter the vapour layer
behaviour on the Leidenfrost droplet. Later, Shahriari et al. [36] extended this droplet study to
immersing quenching experiments. Their experiments involve immersing quenching of SS316,
copper, and chromium alloy steel spheres in isopropanol and ethylene glycol at saturation
temperature. The applied voltage value was varied from 0 to 2 kV with an interval of 500 V. The
results revealed that film boiling duration decreases by 44% in the presence applied DC electric
field. This highlights the ability of the electric field to alter the film boiling during quenching in
low electrically conductive organic solvents. The major problem with using organic solvents is
their low auto-ignition temperature. When exposed to high temperatures, the organic solvents
(e.g., ethylene glycol) will catch fire and burn the entire system. Further, their study overlooked

the effect of electrode polarity, oxidation, and surface characteristics on film boiling behaviour.

It is now a well an established proposition that surface oxidation during steady-state pool
boiling enhances the boiling heat transfer [37]. However, surface oxidation during transient
boiling, particularly on steel substrate, provides no such benefit as improvement in Tmin [38,39].
Some studies have discussed the effect of electric field on the heat transfer enhancement in
steady-state pool boiling experiments [40,41]. However, these studies focus mainly on the heat
transfer aspect in the nucleate boiling regime, which provides a very limited understanding of
bubble dynamics in electric field assisted film and transition boiling regimes. Thus, it leaves
many unanswered questions. For instance, what is the influence of electrode polarity on the
minimum film boiling temperature (Tmin)? Can in-situ oxidation enhance the Tmin in electric
field assisted quenching? Does electrolysis always have a positive effect on quenching heat
transfer? How do hydrogen-rich vapour bubbles propel the quenching heat transfer? Answering
these questions is of greater practical importance and valuable knowledge addition. In this
current work, we experimentally investigate the effect of the DC electric field on immersion
quenching of SS316L in DI water at saturated conditions under atmospheric pressure. We
explore the effects of DC electric field, electrode polarity, and in-situ surface oxidation on

vapour layer behaviour, Tmin, cooling rate, and heat flux characteristics.
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2. Experimental methods

In this study, quenching experiments were conducted at two different configurations: without
electric field and with electric field. The heat dissipation at the sample surface is analysed via
cooling profile and vapour film behaviour via high-speed visualization. The following sections

details the test sample preparation, experimental setup and procedure.
2.1 Test sample preparation

Commercially available SS 316L was selected owing to its wide range of applications. The
XRD pattern displayed in Fig. 1a shows the sharp diffraction peaks at 20 = 43.6° (111), 50.9°
(200), 74.7° (220). This confirms that the bulk material is the austenitic SS 316L alloy. Fig. 1b
shows the details of the test sample used for the quenching experiments. SS 316L cylindrical

rod of 10 mm diameter and 60 mm length was selected for this study.

a
. b
y(111) Stainless steel 316L 3
I« Threaded part
30 » - K-type thermocouple
5 3
l‘- Y
) 60
§ SS316 sample
£
7 (200)
10
ottt Lttt bt y !
30 40 50 60 70 80

20 (degree)
Fig. 1. (a) XRD pattern of SS 316L, and (b) sample dimensions. All dimensions are in mm.

Threading on top of the sample was done to attach the sample to the holder. From the top end of
the sample, a blind hole of 0.6 mm diameter was drilled to mount the thermocouple, as shown in
Fig. 1b. Prior to the experiments, the samples were polished using sandpapers of different grades
from #400 - #2000. Then the polished workpiece was ultra-sonicated using acetone to remove
any adhered contaminants for 30 minutes, followed by 30 min of ultra-sonication in DI water.
After that, the workpiece was kept in the oven for 2 hr to remove the moisture content.

2.2 Experimental facility

The schematic diagram of the experimental setup used for conducting the quenching

experiments with and without an electric field is shown in Fig. 2a.
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Fig. 2. (@) Schematic diagram of the experimental setup used for conducting the quenching
experiments with and without electric field, (b) thermocouple placement inside the sample, and

(c) test section showing the electrodes arrangement.

The experimental setup consists of the ceramic furnace (customized), programmable electronic
slider (customized), data acquisition system (National Instruments, N19212), DC voltage
source (Scientific Instruments, DC), a hot plate, coolant bath, and high-speed camera
(PHANTOM, MIRO LAB110). The ceramic tubular furnace with a maximum temperature of
900 °C was used for radiative heating of the sample. The furnace temperature was regulated
using a PID controller coupled with the temperature sensors (k-type thermocouples) mounted
inside the furnace. The sample attached to the tail end of the stainless-steel sample holder was
hung inside the furnace to heat it to the desired temperature. The front end of the sample holder
was mounted to an electronic slider. The programmable single-axis vertical slider was used to
immerse the sample into the coolant at a sufficiently high speed of 200 mm/s to avoid radiation
heat losses. The limit switches and rails ensured the smooth plunging and positioning of the

sample into the coolant bath without vibrations and other motion perturbations.

Mineral insulated ungrounded k-type thermocouple (Tempsens make, maximum uncertainty of
+ 0.5 °C at 600 °C) of 0.5 mm probe diameter was employed to obtain the temperature data
throughout the experiment. The selected thermocouple avoids the electric interference created
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due to the application of an external DC electric field at the output. The thermocouple was
connected to NI 9212 data acquisition unit interface with LabView for monitoring and recording
the temperature data. The sampling frequency was fixed to 100 Hz in accordance with the
minimum response time of the thermocouple (0.07 s as per the manufacturer's specification). The
high-temperature thermal conductive paste was applied between the sample and the tip of the
thermocouple to avoid thermal resistance. Fig. 2b illustrates the thermocouple in the blind hole
drilled in the sample to measure the near-surface temperature during the quenching experiments.
More detailed information about the experimental setup can be found elsewhere [42].

An external DC source (max 500 V at 0.1 A) was used to supply the electric potential to the
sample during the quenching. The voltage and current were measured using the VI acquisition
system at the sampling frequency of 100 Hz. The sample was connected to the anode or cathode
terminal, while the other terminal was connected to the counter electrode (see Fig. 2c). Titanium
Gr.1ASTM B 265 of 0.9 mm thick with w-type mesh (150 mm length x 50 mm width) and hook
(100 mm length x 20 mm width x 1.5 mm thick) was selected as the counter electrode. The mesh-
type electrode was chosen because of the high surface-to-area ratio. During quenching, the Ti
electrode was positioned to be at a distance of 10 cm from the sample, and both were placed in
the coolant bath. A 2.5 L borosilicate glass container was used as the coolant bath, and DI water
was selected as the working fluid. DI water was heated to saturation temperature using the plate
heater, and its temperature was measured at three locations using k-type thermocouples
connected to a data acquisition system. A PHANTOM- MIRO LAB110 high-speed camera with
a maximum resolution of 1280 x 800 with 3000 fps was employed to visualize the vapour layer
behaviour and bubble dynamics. The visualization videos were recorded through the transparent
glass wall of the bath in such a way that the recording axis was perpendicular to the sample. The
camera and sample were kept approximately 200 mm apart.

2.3 Experiment procedure

The quenching experiments were conducted with and without an electric field at atmospheric
pressure conditions. First, DI water was subjected to vigorous nucleate boiling for degassing
to avoid the influence of non-condensable gases. The degassed DI water was used for all the
experiments. The coolant bath was filled with 2L of degassed DI water and heated up to
saturation temperature. Simultaneously, the sample was heated inside the furnace to the desired
temperature of 430 °C. The sample and bath temperatures were monitored using a data
acquisition system. After reaching the desired temperature, the sample was immersed in the

saturated DI water using an electronic slider. The temperature profile of the sample during
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quenching was recorded using LabView, and simultaneously vapour layer/bubble behaviour
was recorded using a high-speed camera. The data logging was done until the sample reached

the thermal equilibrium with the coolant, marking the end of quenching experiments.

The same procedure was adopted for electric field assisted quenching experiments; however,
before immersing the sample in DI water, the electric field was applied between the sample
(anode) and counter electrode (cathode). During these experimentations, the applied voltage was
varied from 0 to 200 V with an interval of 50 V. Above mentioned procedure is for a single test
run. A minimum of five tests run for each experimental condition with fresh samples were
performed, and their average value was taken for data processing. To analyse the effect of electric
field polarity on quenching, the sample was connected to the cathode, and the same procedure
was repeated. Table 1 provides the summary of experimental conditions in the present study. In
addition to 0-200 V, we also performed experiments at 400 V and 600 V, but higher voltages

exhibit an adverse effect on the quenching, which will be discussed in detail in Section 3.

To investigate the effect of oxidation, samples were repeatedly quenched without any surface
cleaning between the test runs. This process was repeated up to six times. This ensures the
formation of a stable oxide layer which facilitates the investigation of the effect of in-situ
sample oxidation on quenching with and without an electric field. The repeated quenching
experiments were conducted for all considered voltages and polarity. Finally, data from the

experiments were processed to deduce the heat flux and cooling rate.

Table 1. Test matrix.

Temperature surf q ; |
o iti . Voltage
©C) urface condition o
Sample  Coolant the sample Polarity V)
Sample Coolant
Cylindrical ]| 430 100 Polished/ Repeatedly =~ Anode/ 0
SS 316L water  (initial) quenched (in-situ Cathode 50
oxidised)
100
150
200

3. Computational study — Inverse heat conduction analysis

We computed the unknown boundary heat flux at the sample surface using the knowledge of

temperature data at selected interior point during quenching via serial inverse heat conduction
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algorithm proposed in Ref. [43]. A finite element domain was modelled, and inverse heat
conduction algorithm was solved using TmmFE Inverse Solver. The following section details

the physical model and governing equations for computing the heat flux.
3.1 Physical model

A single unknown heat-flux boundary was assumed along the sample surface. Fig. 3a shows
the computational domain and the boundary conditions. The computational domain is the
axisymmetric 2D structure modelled in the cylindrical coordinate system. The domain
represents the mid-section of the sample where the thermocouple was mounted. A similar
model was also used by Kumar [44] to determine the boundary heat flux during the quenching
process. The grid of solution domain is shown in Fig. 3b. The detailed discussion of grid study
and selection is provided in Section 4.2. Boundary S; represents the unknown heat flux, the
heat transfer at S, is negligible considering the length of the sample, so it is neglected.
Boundary S5 along the axis of symmetry is assumed at adiabatic condition, g’ = 0. Table 2

shows the boundary conditions for inverse heat conduction model.

a b
‘ : Th |
"> ! Number of elements - 1125 ermocouple
& So boundary R . .
EEnEN
- 2 EEEEE
(A
of( g wm|T —~ E
=" Heat flux == g HHH A e
- EmE. o
8o =y 2 T
NEEEE
o r ndl) EmnEn
NEEEE NENN AR
S5 boundary o 5mm

Fig. 3. (a) Computational domain. (b) Grid of solution domain.

Table 2. Boundary conditions for inverse heat transfer model.

Boundary surface Boundary condition
T oT
$1 q9(©) =k (3on, + Ton,) T 2,) = Teas(6)
ar ar
S2 q(t) =—k (a—rnr+ gnz) =0
S3 q(t) = 0 (adiabatic)
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3.2 Governing equations

The equation that governs the transient heat conduction within the 2D computational domain

in the cylindrical coordinate system is given as,

dk( OT(rzb) d (, OT(rzb)\ _ AT (r,2,0)
E?(r ar )+£(k 0z )_ ot (1)

where k, p, and c,, are the thermal conductivity, density and specific heat capacity of SS 316L.
To solve the serial inverse heat conduction model for heat flux during quenching the initial and

boundary conditions are defined as follows,

Initial condition:

Tarzt) = Tiitial (2)
att = 0 where Tjpitiqr =430 °C

Boundary conditions:

—k (Z—:nr + Z—:nz) =q(t) onS; 3)
—k (Z—:nr + Z—:nz) =0o0nS,, and S; 4
T(r,z,t) = Tpeas(t) at r=ry; (5)
t=0<t< teng (6)

where T,i:iq: 1S the initial temperature of the sample after its complete immersion into the coolant,
q(t) is the unknown heat flux quantity, T,,.4(t) is the time-dependent temperature data and ry, is

the radius of the sample. The algorithm for inverse heat conduction analysis is shown in Fig. 4.

To deduce the unknown heat flux, the objective function with respect to q is defined as follows,

~ 2
](Qm) = ?:1 (Yj,m+i—1 - Tj-rm+i—1) (7)

J(qy) is the linear least square norm, which is the sum of squared error between the measured
and computed temperature at the measuring point inside the sample. This optimization is
performed to minimize the difference between the measured and computed temperatures in

future time steps. Here, Y; 4,1 is the measured temperature, ij’mﬂ-_l is the computed

temperature, jis the number of temperature sensors in the sample (j =1 in the current
investigation), m is global time steps, i is the current time step and r is the total number of

future time steps (r = 4, is considered in the present investigation).

10
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For initialization of the numerical solver an arbitrary value for g, is assumed and then heat
conduction equation is solved for r future time steps. The optimization of J(q) for q,, yields

the correction term for deducing heat flux in m + i time step is given as

Z{: Ym+i- _fm i— ¢£(_1
(aq)l, = Zi= T =1 (8)
=1 (@571

where k is number of iterations, and ¢X~? is the sensitivity coefficient which is expressed as

k-1 _ Tm+i(CI£(n_1(1+6))_Tm+i(CI1I$1_1)
i =

9)

k-1
€dm

Define finite element model

b

Set initial conditions at
t=0, and initialise q,,

v

o| Compute temperature history (based
on Eq. (1) by direct solution

v

Solve Eq. (7) and compute sensitivity
Increment coefficient based on Eq. (9)
the time step b

Compute updated q,,, based on Eq. (10)

v

Compute temperature history based
on Eq. (1) by direct solution

v

Converged

~ 2
Ef=1 (Y_f.mﬂ'—l _?}.tnﬂ—l) =€

Output (¢)F,

Converged

Titm—1 = Tmax

Fig. 4. Algorithm for inverse heat conduction analysis

The sensitivity coefficient signifies the variation in computed temperature for a slight

change (¢) in (q).,. Then this correction term is added to the heat flux obtained,

11
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This iteration procedure continues until the error between the measured and computed

G = (@5 '+ (10)

temperature minimize to the satisfies criterion,

=1 ( jm+i—1 " ]m+l 1) € (11)

where € =10, Once this condition is satisfied the iteration is stopped for time step 7; and go
to next time step ;,,. Then the obtained final iterative heat flux value is considered as the

initial known heat flux value for next time steps. The loop ends when time t = t,,4.
3.4 Uncertainty analysis

This section provides the uncertainties in the derived parameters, such as heat flux and cooling
rate. The heat flux was computed using inverse heat conduction analysis (explained in Section 3),
and the cooling rate was determined based on the method of computing the time derivative of the
sample temperature (T r)) throughout the quenching process [45,46]. The uncertainties in the
computed parameters are determined based on the uncertainty analysis method developed by
Blackwell and Beck [47]. For, instance, heat flux estimated via inverse heat conduction analysis

includes the individual uncertainties in the parameters used and this relation is given as,

5= 5 (s 12

- \/ [mm 6ATm] + (a" 6k) + (ng 6C) (13)

where AT™, k and C = pc, are the parameters used for computing the heat flux. Table 3

summarizes the maximum uncertainty in heat flux and cooling rate. the experimental uncertainties.
The maximum uncertainty in thermocouple measurement is 0.1% and the position uncertainty is
2.5%.

Table 3. Summary of uncertainties in derived parameters.

Parameter Uncertainty (max)
Heat flux 13.5%
Cooling rate 7.2%

12
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4. Results and discussion

The research hypothesis is that hydrogen-rich vapour layer/bubbles improve liquid circulation at
the sample surface and enhance the quenching heat transfer. To test this hypothesis, we
performed immersion quenching of SS316L in DI water at saturated conditions under
atmospheric pressure with and without an electric field. Then the cooling profile of the sample,
heat flux variations, vapour film behaviour, and cooling surface characteristics are analysed in
detail. It is worth mentioning that the selected initial temperature of the sample (430 °C) and DI
water at saturation temperature reflects the thermal crisis situation in high-energy density systems

and ensure sufficient film boiling duration to analyse the effect of the electric field in detail.
4.1 Analysis of the experimental cooling curve of SS 316L sample

Fig. 5 shows the cooling curve of SS316L in DI water at saturated conditions with the
demarcation of the transient boiling heat transfer regimes along with their corresponding
vapour film/bubble behaviour. As the sample cools from the initial temperature of 430 °C, the
cooling curve shows the prominent transient boiling heat transfer regimes: film, transition, and
nucleate boiling. When the sample at a temperature of 430 °C is plunged into saturated DI
water due to its high superheat, the liquid in its vicinity will instantly evaporate and form a
stable vapour film around the sample, which cuts off the direct solid-liquid contact. This boiling
phenomenon is called film boiling. In film boiling, the sample cools mainly by radiation and

convective heat transfer through a stable vapour layer.

450

Stable vapor, |
layer

Decrement in vapor thickness

™\

i

Rupture of vapor layer

©
3

Film boiling

Temperature [°C]
g 8

8

2

0 10 20 30 40 50 60
Time [s]

Fig. 5. Cooling curve of SS316L in DI water at saturated condition.
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The visualization studies show that the oscillation of the liquid-vapour interface leads to a
reduction in vapour layer thickness with respect to time. The periodic oscillation of the liquid-
vapour interface is due to vapour growth and its buoyancy-driven motion in the vapour layer
along the sample. As the sample temperature gradually decreases over time, the vapour layer
becomes thinner and starts to collapse. Usually, in quenching at saturated conditions without
any external modification, the vapour layer starts to collapse at the bottom end of the sample
and propagates toward the top end. The temperature at which the vapour film collapse is known
as Tmin. Once the vapour layer breaks (or below Tmin), the sample enters the transition and

nucleate boiling regime.

Transition and nucleate boiling facilitate the rapid heat removal from the sample due to
vigorous bubble nucleation, growth, and departure. After the vapour film collapses, the
rewetting of the sample happens. The rewetting leads to the occurrence of violet boiling at the
sample surface. The numerous nucleation sites become activated, and vapour bubbles start to
emanate from the surface, which inevitably coalesce to form vapour chunks before departing.
Such vigorous boiling enables the rapid cooling of the sample. Therefore, the cooling curve
shows a sharp drop in temperature at transition and nucleate boiling regime. The observed

phenomena are in agreement with the previous literature [39].

However, a rapid heat transfer rate is observed in transition boiling until Critical Heat Flux
(CHF) and fully developed nucleate. It is worth mentioning that in transient boiling or
quenching, CHF indicates that the sample experienced intense transition boiling, and the heat
transfer rate builds up to reach the peak heat extraction rate from the sample during quenching.
After CHF, the heat transfer rate comes down with the sample temperature. Finally, the cooling
curve displays the flat plateau as it approaches the saturation temperature of the liquid due to
the single-phase convective heat transfer.

From the above discussion, we can infer that there are two important aspects of the cooling
curve: (a) time taken to reach Tmin, and (b) time taken to reach maximum heat flux or CHF.
Here, we determined the Tmin using the standard definition in the literature [48]. Boundary heat
flux was calculated by solving the inverse heat conduction problem, as explained in Section 3.

4.2 VValidation of inverse heat transfer model

The described inverse algorithm provides the unknown boundary heat flux during quenching.
The estimated temperature is compared with experimental data for model validation and to
determine the optimum grid size and time step for calculating the boundary heat flux.
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Fig. 6. (a) Comparison of experimental temperature data with the estimated temperature at
different grid components, (b) comparison of experimental temperature data with the estimated

temperature at different time steps, and (c) comparison of boundary heat flux calculated at
different time steps.

The computational domain was simulated using different grid sizes with an intense distribution
of elements at the boundary, as mentioned in Section 3.1. Fig. 6a compares the estimated
temperature at different grid components with the experimental temperature data. There is no
significant deviation between the measured and estimated data. The estimated temperature

closely matches the experimental temperature, showcasing the inverse algorithm's accuracy and
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reliability. The negligible influence of grid size on the inverse solution is also reported in

Ref. [49]. Hence, the simulations were performed with 1125 grid elements (see Fig. 3b).

Further, the influence of the time step on estimated temperature was simulated, and the obtained
results show a slight variation in transition and nucleate boiling regime, as displayed in Fig. 6b.
At 0.1 s, there is a slight deviation in estimated temperature from the measured temperature,
especially when the boiling mode shift from film to transition and transition to nucleate.
However, this deviation comes down with the increase in the time step. At 0.01 s and 0.001 s
time steps, the deviation between the experimental and estimated temperature is minimal.

The calculated boundary heat flux in Fig. 6¢ indicates that the heat flux curve matches 0.01 s and
0.001 s. The heat flux curve of 0.1 s time step shows the chaotic nature in the high heat transfer
regimes, and there is an appreciable difference from the heat flux curve of 0.01 s. As the time
step increases from 0.01 s to 0.001 s, the heat flux curve matches and exhibits a similar nature
with a smooth transition at high heat transfer regimes. We calculated the heat flux at 0.01 s to
minimize the computational load. The same model and simulation statistics were successfully

incorporated for calculating boundary heat flux in the presence of an external electric field.
4.3 Enhancement effects of electric field on quenching and heat flux characteristics

This section discusses the influence of the applied electric field and electrode polarity on the
conventional cooling curve of SS 316L. Fig. 7a and 7b illustrate the cooling curves of the SS
316L sample as anode and cathode at different voltages ranging from 0 to 200 V at the interval
of 50 V. The cooling curve mentioned as 0 V illustrates the cooling profile of SS 316L sample
quenched without an external electric field, which is taken as a reference for comparison. In
the presence of an electric field, the cooling curve exhibits similar nature, such as film boiling

followed by transition and nucleate boiling, as that of a conventional cooling curve.

It is evident that the applied electric field accelerates the quenching for both electrode
polarities. In Fig. 7a and 7b, the cooling curves of the electric field assisted quenching shift
towards the left (smaller time frame), indicating faster cooling than the quenching without an
electric field (0 V). When the sample acts as an anode/cathode, the film boiling duration comes
down with increased applied voltage, so the sample enters the transition and nucleate boiling
much faster than quenching without an electric field in the presence of applied voltage. Even
though the quenching enhancement increases with applied voltage, the enhancement rate
comes down at higher voltages. Especially in the case of the sample as a cathode, it is evident
from Fig. 7b that the cooling curves of 150 V and 200 V are closer. So, in the present study,
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the maximum applied voltage is limited to 200 V. (For more details about the effect of higher

voltages on Tmin, refer Fig. S1, Supplementary reference).
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Fig. 7. (@) and (b) Comparison of the cooling curves of SS 316L sample as anode and cathode
at different voltages ranging from 0 to 200 V at the interval of 50 V, (c) high-speed visualization
of film boiling regime of polished sample (0 V) and cathode sample at 200 V, and (d) variation

of film boiling time and Tmin as a function of sample polarity at any given voltage.

At a potential of 200 V, the film boiling duration of the cathode sample reduces by 33%
compared to without electric field conditions. This happens because the applied electric field
increases the instabilities at the liquid-vapour interface by introducing the additional
electrostatic and electrolytic force field. The subset figure in Fig. 7b illustrates the attraction of
liquid film to the cathode surface. The electrostatic force tends to pull the water molecules
toward the sample surface, it reduces the vapour layer thickness and enhances the film boiling
heat transfer. Such effect is also reported in Ref. [36]. The developed electrostatic force, along

with the convective shear force, disturbs the stability of the vapour layer.

This increases the pressure gradient, which causes the turbulent motion of the vapour-liquid

interface. Fig. 7c represents the high-speed visualization of the film boiling regime of the
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polished sample (0 V) and cathode sample at 200 V. The film boiling of a polished sample
without an electric field exhibits a stable vapour layer with occasional oscillations. In contrast,
the film boiling of a cathode sample with an electric field (at 200 V) exhibits chaotic vapour
layer behaviour and frequent oscillations. Therefore, film boiling heat transfer increases in the
presence of the electric field. Eventually, the vapour layer crumbles under the influence of the
applied electric field, and consequently, Tmin increases, and the sample cools faster. Such
enhanced heat transfer is due to the combined action of electrostatic attraction and electrolytic
activity at the sample surface. However, the enhancement observed in electric field assisted

quenching varies significantly with electrode polarity.
4.3.1 Impact of electrode polarity

Fig. 7aand 7b show that at the beginning of quenching, for the initial 5 s, there is no appreciable
difference in the cooling behaviour of the anode and cathode. The influence of applied
electrode polarity becomes apparent as the sample superheat decreases or quenching
progresses. Fig. 7d showcases the variation of film boiling time and Tminas a function of sample
polarity at any given voltage. Overall, the cathode sample displays a higher quenching
effectiveness than the sample as anode. When the sample act as a cathode for all applied
voltages, except 150 V, the film boiling time reduces, and Tmin increases compared to the
sample as anode. Similarly, compared to the sample quenched without an electric field, Tmin Of
cathode at 200 V increases from 268 °C to 301 °C. It indicates that other variables apart from

electrostatic attraction play a role in quenching heat transfer enhancement.

The enhancement in guenching heat transfer varies with electrode polarity due to the self-
ionization of saturated DI water that leads to the formation of hydronium (H;0%) and
hydroxide ions (OH™),

2H,0 = Hz0% 4+ 0H" (14)
According to Le Chatelier's principle, the temperature rise promotes the self-ionization of
water. The concentration of OH~ and H;0% will increase with water temperature due to

molecular collision. The relationship between the equilibrium constant for the formation of

OH~ and H;0" and temperature is given by Vant Hoff equation,

(52 = 2 (- s

K W1 T1 TZ

where AH? is the enthalpy change, R is the universal gas constant, Kw;and Kw., are equilibrium

reaction constant at temperature T; and T,. Thus, the formation of H;0* and OH~ increases
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with the rise in temperature of DI water. It is worth mentioning that a coolant bath is an open
system at atmospheric pressure conditions. A strong affinity of saturated DI water towards C 0,

leads to the formation of hydrogen carbonate ions (HCO3) by the following reactions,
CO0, + H,0 = H,C0, (16)
H,C0; = H* + HCO3 (17)

These ionic species alter the electrolytic activity of DI water, which in turn manipulates the
type of vapour/gaseous atmosphere prevailing at the surface of the sample. The reduction of
water produces hydrogen at the cathode and oxygen at the anode. However, at higher superheat,
SS 316L has a higher affinity towards hydrogen adsorption than oxygen because of hydrogen's

low molecular weight and relatively smaller size [50].

During the film boiling of the cathode sample, the applied electric field pulls the water
molecules toward the sample surface. This electrostatic attraction destabilizes the developed
vapour layer and supports the sample-liquid contact. Then the water molecules spontaneously
undergo electrolysis at the cathode sample, producing hydrogen. At the initial condition, some
hydrogen produced will dissolve into bulk liquid [41], and some escape through the vapour
layer and vent out at the top end of the sample. However, the hydrogen becomes supersaturated
and trapped at the sample surface due to continuous electrolytic activity. Due to the hydrogen
adsorption and evolution at the cathode surface, the liquid-vapour interface undergoes a series
of pulsations. Ultimately the vapour layer thickness reduces and leads to its early rupture. This
results in better heat extraction from the cathode sample than the anode sample. Hence the
cooling performance at the cathode is better than that at the anode.

4.3.2 Heat flux and cooling rate characteristics

Fig. 8a and 8b show the variation of heat flux with time for samples as anode and cathode

compared to samples without electric field.

19



469

470
471
472
473

474
475
476
477
478

479
480
481
482
483
484

a b

Vapor layer collapse

500 500
» 0V d y 0V 32 % enhancement
Sample as anode Sample as cathode
» 50V » 50V i
400 |- 400 1A
0, 100V n %0, qo0v gl
& » 150V l 1 & » 150V : :‘i
E » 200V W a& E 200V abil|
= 300 ) 1! S 300 - b
= ' q | 7 x ) ) b i
x ) A ' ] ng‘hlly efﬁc!ent ohi
2 ) \ ’ = boiling regime by 41
= 200 | = 200 | b
© i \ © (F! |
(] @
T T

Film boiling

-
o
o
T
-
o
o
T

0 1 | 1 0 1 1 1 ~ A“
0 10 20 30 40 50 0 10 20 30 40 50
Time [s] Time [s]
c d
50 50
e 0V
Sample as anode e oV
o 50V Sample as cathode
e 100V 40 * 50V
e 150V s 100V
e 200V e 150V
e 200V

w
=]

Cooling rate [°C/s]
s

Cooling rate [°C/s]

-
(=]

0 M 1 i 1 1 " 1 M 1 M N N
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450

Temperature [°C] Temperature [°C]

Fig. 8. (a) and (b) Comparison of the heat flux characteristics of the sample without an electric
field with the sample-as anode and cathode at considered voltages. (c) and (d) Comparison of
the cooling rate characteristics of the sample without electric field with the sample as anode
and cathode at considered voltages.

The computed heat fluxes agree with the experimental results of high-speed visualisation of
vapour/bubble behaviour in presence of electric field, as shown in Fig. 8a. The heat flux curves
of both the anode and cathode shift leftwards for all applied voltages, with the cathode ata DC
potential of 200 V displays the maximum shift. In the presence of an electric field, the sample

reaches the maximum heat flux much faster than the sample without an electric field.

It is worth mentioning that heat flux curves exhibit a similar nature for quenching with and without
an electric field. At the beginning of quenching, the heat flux curve shows a slight increase in the
heat flux, followed by a decreasing flat plateau. This region indicates the film boiling, as shown in
Fig. 8a. As discussed earlier, the stable vapour layer hinders the heat transfer rate, which causes the
slow cooling of the sample at high-temperature regimes. However, the applied electric field reduces

the vapour layer thickness and increases the heat transfer rate in film boiling.
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From Fig. 8a and 8b, it is evident that there is a sharp increase in heat transfer when the sample
enters the transition boiling regime. The highlighted portion in Fig. 8b indicates the highly
efficient transition boiling regime in the quenching process. Here the sample undergoes intense
boiling, which extracts the majority of heat from the sample within the span of a few seconds
(for a cathode sample at a DC potential of 200 V, the time span is 2.8 s). The transition boiling
ends with CHF, and then nucleate boiling occurs. For the cathode sample at 200 V CHF occurs
39% faster than the sample without an electric field. Here, achieving CHF faster in the cooling
curve signifies that the sample enters the effective heat transfer regime more quickly, and as a
result, the sample cools down at a faster rate. Although the heat flux range in nucleate boiling
is similar to transition boiling, the curve exhibits a negative slope, which asymptotically
approaches the low heat transfer rate. To get further insight, we analyse the cooling rate

variation concerning sample temperature for all the samples considered in this investigation.

Fig. 8c and 8d show the variation of cooling rate for the sample as anode and cathode in comparison
with the sample without an electric field. We can infer from Fig. 8c and 8d that when the electric
field is applied, there is an upward shift (high temperature) in the curve. The maximum variations
in cooling rate occur on a particular temperature range corresponding to transition and fully
developed nucleate boiling. The maximum cooling rate variations for the sample without electric
field, sample as anode and cathode at 200 V occurs at 274 °C to 216 °C, 300 °C to 252 °C and 310
°C to 265 °C, respectively. It reflects that the applied electric field increases the transition and
nucleate boiling heat transfer. Among the samples as cathode and anode, the cathode exhibits better
heat transfer performance, and such effect is due to the more nucleation site developed by hydrogen
molecules at the sample surface. Interestingly, heat flux and cooling rate analysis also reveal a
slight decrease in CHF and peak cooling rate even though Tmin increases in the presence of the
electric field. This is mainly due to the in-situ surface oxidation during the quenching process. So,
we performed consecutive quenching experiments to study the effect of in-situ surface oxidation

on the cooling profile of the sample with and without an electric field.
4.4 Effect of in-situ oxidation on quenching characteristics

This section details the influence of in-situ surface oxidation, under an applied electric field,
on quenching heat transfer using the cooling curve, heat flux analysis, and high-speed
visualizations. To study the effect of oxidation on quenching heat transfer, we followed the
method adopted by Kim et al. [51], where the sample was quenched repeatedly without any
surface cleaning in-between. Fig. 9(a-c) shows the cooling curves, and Fig. 9(d-f) shows the

heat flux characteristics of the SS316L sample quenched repeatedly (up to six test runs) without
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and with an electric field at different polarities. The repeated quenching experiments were
performed only at 200 V because the quenching performance of the anode/cathode at 200 V

was found to outperform the other applied voltages.

Fig. 9a displays the cooling curves of six consecutive quenching sample test runs without an
electric field. It is evident that the in-situ oxidation did not influence the Tmin. The cooling
curves of the repeated quenching test show that the data are within the scattering range without
any striking deviations. On the other hand, the first and second tests have minimal variations
in transition and nucleate boiling regimes, but this variation comes down at higher test runs, as
shown in the subset graph of Fig. 9a. The cooling curves overlapped after the third test run and
demonstrated similar performance. This is due to the stabilization oxide layer during

quenching. The observed results are in agreement with the previous studies [38,39].

Similar performance is also exhibited by the repeatedly quenched anode sample at 200 V.
Fig. 9b shows that cooling curves show marginal variation in the Tmin Of the first and sixth test
run with the film boiling duration decreased by 5.3%. However, the cooling curves exhibited
similar performance from the third to the sixth test run without any further enhancement. The
combined effect of oxidation and electric field slightly shifts the heat transfer curves towards
the left, which indicates that Tmin 0ccurs early with in-situ oxidation. The metal oxides formed
on the surface possesses a lower heat capacity (pcp) compared to the bulk metal [52]. It results
in a temporal drop in wall temperature, which increases the vapour layer instabilities and
enhances the film boiling heat transfer.
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542  Interestingly, Tminis more vulnerable to in-situ surface oxidation if the sample act as a cathode
543 at 200 V. The presence of hydrogen has a significant effect on altering the quenching
544  performance. Fig. 9c shows a significant difference between the first and sixth test runs, where
545  the film boiling duration decreased by 22%. These results highlight the rapid heat transfer.
546  However, after the fourth run, this enhancement almost becomes stable and further quenching
547  does not improve the heat transfer rate.
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The heat flux curves, Fig. 9(d-f), show the CHF and heat transfer variations. As expected, the
heat flux curves of the sample (0 V) shown in Fig. 9d also illustrate no appreciable difference in
Tmin and CHF. The heat flux curves of sample anode al 200 V, Fig. 9e showcase that the heat
transfer in transition and nucleate boiling slight deviations in the initial test runs but becomes
constant after the third test run. The marginal decrement in CHF occurs due to excessive
oxidation in the presence of an applied electric field. In the case of the sample as a cathode at 200
V, Fig. 9f displays no significant change in the CHF of successive test runs, but CHF keeps
shifting leftwards until the fourth test run and remains stable up to the sixth test run. Fig. 10(a-c)
illustrates the variations in the occurrence of peak cooling rates respective to test runs of different
sample conditions. As expected, the peak cooling rate occurs much early for the sample as the
cathode, which is followed by the anode. Overall, the in-situ oxidised cathode sample at 200 V
exhibits a 55% reduction in film boiling duration, and Tmin increased from 268 °C to 322 °C
compared to the bare sample (0 V), see Fig. 10d. The following section explains the primary

reason for enhancement in quenching heat transfer characteristics due to repeated quenching.
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Fig. 10. Variation in the occurrence of peak cooling rate with respective to test run of different
sample conditions: (a) 0 V, (b) anode at 200 V, (c) cathode at 200 V, and (d) variation of film

boiling time and Tmin as a function of sample polarity and surface conditions at 200 V.
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4.4.1 Mechanism governing the quenching heat transfer enhancement

Fig. 11 represents the high-speed visualization of film boiling regimes of the repeatedly
quenched sample without an electric field (0 V) and the sample as a cathode at 200 V for the
first and sixth test runs. Repeatedly quenched cathode sample shows remarkable variations in

vapour layer behaviour, while the sample without an electric field shows negligible variations.
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Fig. 11. High-speed visualization of film boiling regimes of the repeatedly quenched sample

without electric field (0 V) and sample as a cathode at 200 V for the first and sixth test runs.

In the case of the sample without an electric field, the film boiling in the first test run exhibits a
stable, thick vapour layer with minimal oscillations. The vapour layer behaviour and heat transfer
performance are almost similar and constant even though the sample was subjected to repeated
quenching. It is due to the formation of a stable oxide layer over the SS316L sample. The
negligible influence of the oxide layer on film boiling in repeated quenching experiments agrees
with [39]. For the cathode sample at 200 V, with an increase in the test run, the vapour layer
exhibits chaotic nature with a series of oscillations. This indicates the local collapse of the vapour
layer at several places (red arrow markers in Fig. 11) along the sample surface. The primary
reason behind such chaotic nature of the liquid-vapour interface is due to surface discontinuities
such as the formation of surface cavities and the hydrogen evolution and its adsorption in the
oxide layer. Fig. 12 illustrates the physical mechanism governing the film boiling heat transfer
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enhancement of repeatedly quenched cathode samples at 200 V. In the presence of an electric
field, the electrochemical reaction between the cathode sample (mostly Fe, Cr) and water
molecules leads to the formation of the oxide layer with surface imperfections. The surface
imperfections, e.g., microcavities, lead to a discontinuous vapour layer, as shown in Fig. 12a.
Fig. 12b shows the enhanced boiling at the microcavity in the oxide layer. The microcavities
ensure direct contact between the sample and liquid, which enhances the liquid replenishment of
the sample even at higher superheat. Then due to electrolytic activity, the hydrogen molecules
are produced at the micro-cavity. The entrapped hydrogen increases the nucleation and facilitates
the formation of numerous vapour bubbles. As a result, film boiling heat transfer increases. To

this extent, the formed oxide layer was analysed using SEM, XRD, and EDS.

DC power supply

Oxide layer
‘ /—Growmg bubble

s|dwes 91¢ SS
XN JesaH

Oxide layer  Discontinuous vapor layer Discontinuous vapor layer

Fig. 12. lllustration of the physical mechanism governing the film boiling heat transfer
enhancement in repeatedly quenched cathode sample at 200 V: (a) discontinuous vapour layer,

and (b) enhanced boiling at the microcavity in the oxide layer.

The SEM images in Fig. 13 detail the variation of surface morphology for the bare sample and
repeatedly quenched samples (sixth test run): at 0 V, anode sample at 200 V, and cathode sample
at 200 V. Fig. 13a shows the surface morphology of bare sample. The repeatedly quenched
sample without an electric field shows textured oxide layer formation without cavities or grooves,
as in Fig. 13b. The anode sample (Fig. 13c) shows the particulate oxides and thick textures of
oxide layer formation with grooves. It confirms that repeatedly quenched anode sample at 200 V
undergoes enhanced oxidation. Therefore, more nucleation sites are developed, which causes the

leftward shift of the cooling curve compared to 0 V. Repeatedly quenched cathode sample at 200
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V, see Fig. 13d, shows the deposition of nanoscale metal oxide particles (avg. size = 320 = 0.09
nm) and microcavities (avg. size = 1.6 + 0.75 um). The formed nano-oxide particles increase the
surface area, and cavities promote bubble nucleation via hydrogen entrapment. Such
developments on the boiling surface remarkably enhance the quench heat transfer.

b

Textured oxide deposits

Particulate oxide particles

| Grooves

‘ 4°._Nanoscale oxide particles
and micro-cavities

Fig. 13. SEM images of: (a) bare sample, repeatedly quenched samples (sixth run), (b) at 0 V,
(c) anode sample at 200 V, and (d) cathode sample at 200 V.

In addition, XRD analysis of the repeatedly quenched cathode sample at 200 V display the
peak broadening and shifting towards the higher angle. Fig. 14 compares the XRD patterns of
the bare sample and repeatedly quenched samples (sixth run) without and with an electric field
(cathode sample at 200 V). The peak shifts to a lower angle than the bare sample in the
repeatedly quenched sample without an electric field. This is due to the increase in crystallite
size. On the other hand, compared to the bare sample, the XRD patterns of repeatedly quenched
cathode samples show the peak shifts to a higher angle and peak broadens. It is due to lattice
strain and small crystallite size. Table 4 provides the details of the micro-strain. Further, the

variation in the intensity also highlights the grain refinement of oxides particles. This confirms
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the formation of nanoscale crystallites on the boiling surface, which enhances the surface area

and favours rapid quenching heat transfer.
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Fig. 14. Comparison of the XRD patterns of bare sample and repeatedly quenched samples

(sixth run) without and with an electric field (cathode sample at 200 V).

Table 4. Micro-strain calculated from XRD data.

Sample Micro-strain (x 10°3)
Repeatedly quenched without an electric field 2.09
Repeatedly quenched anode at 200 V 3.52
Repeatedly quenched cathode at 200 V 5.88

It is also evident from SEM and XRD analysis that in-situ oxidation and oxide depositions [FezOs4,
FeCr204, and Fe2Os] are very distinct in an electric field. EDS analysis, Fig. 15, reveals that
repeatedly quenched cathode sample at 200 V exhibits selective in-situ oxidation compared to other
samples. The selective in-situ oxidation happens at the cathode because the reduction reaction and
entrapment of hydrogen bubbles prevent the oxide scale formation at the sample surface.
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Fig. 15. EDS analysis of repeatedly quenched samples (6" run) at 0 V, anode and cathode at 200 V.

In the case of sample as a cathode, the entrapped hydrogen reduces the activation energy for bubble
nucleation and improves the bubble density via liquid pumping. Further, the evolution of trapped
hydrogen bubbles from the oxide layer creates the suction pressure, which pumps the liquid to the
nucleation site and increases the bubble density. Fig. 16 shows enhanced transition and nucleate
boiling at the surface of the repeatedly quenched cathode sample at 200 V. The magnified image
in Fig. 16 shows micro-droplets at the previously formed bubble. This confirms that hydrogen
bubbles via liquid pumping promote heterogeneous nucleation and increase the bubble density,

thereby enhancing the overall heat dissipation rate at high superheat.

FRONT VIEW
A p Macro bubble Micro droplet

Vapor cloud P

Front surface Lateral surface

—Micro droplets

Macro bubbles

Micro droplet
Micro-liquid droplets inside the macro bubble

Cathode sample

Fig. 16. High-speed visualization of enhanced boiling at the surface of repeatedly quenched
cathode sample at 200 V.
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5. Relevance of the outcomes from the present study

Based on the current research findings and insights, this section describes a practical application
of mitigating thermal crisis in the cavity receiver used in direct steam generation (DSG) system
employing beam down technology coupled with point focal concentration system.

DSG by beam down point focal concentration systems gained immense research interest as it
allows for elimination of costly solar tower structures and heat transfer fluid, reduction in
pumping power, high concentration range and shorter heat-traced piping [11]. Some
characteristics examples of solar power plant with beam down technology are 100 kW beam
down solar power plant at the Masdar Institute of Science and Technology [53], the
thermochemical water-splitting reactor using beam-down technology at University of
Miyazaki [54]. Due to high concentration range of beam down point focal concentration system
the cavity receiver can reach a higher temperature which facilitates the generation of steam.
Lorfing et al. [16] developed a lab scale solar boiler using the beam down point focal

concentration system for steam generation.

Their system consists of conical cavity receiver, two water tanks: one for boiling process (main
tank) and another for collecting overflow (secondary tank), feedwater inlet at the bottom of the
main tank and outlet at the secondary tank, and steam outlet at the top of the main tank, as
shown in the Fig. 17a and 17b. The solar energy is concentrated in a cavity receiver which is
immersed in main tank, as shown in Fig. 17b, where the heat is used for steam generation. The
heat transfer at the solar receiver is inherently transient as it directly dependent on the solar
irradiation available at any given time. At high concentrated solar heat flux conditions, the
receiver suffers from thermal crisis (film boiling) due to a sudden surge in receiver temperature.
Film boiling limits the operating capacity of the receiver and affects its thermal efficiency.
Further, prolonged film boiling at the surface of the cavity receiver leads to a thick and
continuous vapour layer, as shown in Fig. 17c. Consequently, the heat dissipation rate
decreases significantly, leading to the accumulation of input solar thermal energy within the
cavity receiver. This, in turn, results in material degradation and eventually the complete
breakdown of the solar receiver. Therefore, mitigating film boiling at the receiver is crucial for

increasing the overall steam generation efficiency and avoiding the failure of the receiver.
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Fig. 17. Solar boiler: (a) cavity receiver dimensions, (b) solar boiler system, (c) stable film
boiling at high concentrated heat flux conditions, (d) proposed modification to establish electric

field, and (e) intermittent film boiling at high concentrated heat flux conditions.

The outcomes of the present study offer an effective solution to mitigate the film boiling under
high heat flux conditions. The current experimental findings show that the application of electric
field reduces the film boiling duration up to 55%. The maximum power utilised for this purpose
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is 76 W, and the corresponding total energy consumed in our experiment is 0.63 Wh. Based on
the current research findings and insights, a modified system design is proposed to mitigate film
boiling at the solar cavity receiver. Fig. 17d illustrates the proposed modification to establish an
electric field in a cavity receiver. The proposed design is simple and is associated with a low
capital cost. The modification involves using the receiver as the cathode, the titanium (Ti)
electrode as the anode, and a DC power supply. Importantly, the proposed design requires only
localised modifications at the receiver module, such as provision for affixing the Ti electrode,
establishing an electrical contact point on the receiver, and electrical insulation between the
receiver and other components. SEM and EDS analyses (Fig. 13 and Fig. 15) have revealed that
treating the receiver as a cathode leads to the production of hydrogen on the surface, which
alleviates oxidation compared to other samples in continuous operation under dynamic (heating
and cooling) conditions. As a result, the receiver’s lifetime is extended, resulting in increased
steam production with less maintenance. Further, the high corrosion resistance, lightweight, and
excellent thermal and chemical stability of the Ti electrode will also ensure a longer lifetime.
Consequently, the proposed design exhibits durability and good integration with existing
infrastructure without any major customization or a comprehensive overhaul. These beneficial
features of the proposed design point toward a favourable economic outlook and scalability.
Some factors to be considered with regard to applicability include optimization of the distance

between the anode and cathode, proper electrical insulation, and a ground fault protection system.

The mechanism of generating hydrogen bubbles at the receiver surface via electrolytic activity
led to intermittent film boiling. This prevents the formation of continuous vapour film and
reduces the film boiling duration, as shown in Fig. 17e.The current study also demonstrates that
using an electric field increases the bubble nucleation density. This leads to transition and fully
developed nucleate boiling happening at much higher temperatures with a faster heat transfer
rate. Such enhanced heat transfer mechanisms aid in maximising the steam generation
efficiency of the solar cavity receiver. Further efforts are necessary to improve the efficiency
of electrolytic immersion cooling, and with the appropriate design modifications, this solution
shows also good potential for use in additional applications.

6. Conclusions

We experimentally investigated the influence of a DC electric field, electrode polarity, and in-situ

surface oxidation on immersion quenching heat transfer characteristics. The main findings are:
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e The cooling curves of samples quenched in the presence of an electric field shift
towards the left compared to the sample quenched without an electric field. The applied
electric field increases Tmin and accelerates the quenching for both electrode polarities
(anode and cathode). The cathode sample displays a higher quenching efficiency than
the anode sample. Overall, Tmin increased from 268 °C to 301 °C at 200 V, contributing
to 33% faster cooling of the cathode sample than the bare sample (0 V).

e Further, in the absence of an applied electric field, in-situ oxidation did not influence
Tmin In repeated quenching experiments. However, in-situ oxidation enhances the
quenching heat transfer in the presence of an applied electric field, especially for the
cathode sample. Overall, the in-situ oxidised cathode sample at 200 V exhibits a 55%
reduction in film boiling duration, and Tmin increased from 268 °C to 322 °C compared
to the bare sample (0 V).

e The film boiling of a repeatedly quenched sample without an electric field exhibits a
stable vapour layer with occasional oscillations. In contrast, the film boiling of a
repeatedly quenched cathode sample at 200 V exhibits chaotic vapour layer behaviour
with frequent oscillations. The enhanced heat transfer in the cathode sample is due to
the combined action of electrostatic attraction and electrolytic activity at the sample
surface. The selective in-situ oxidation at the cathode sample forms an oxide layer with
nanoscale metal oxide particles and micro-cavities. The evolution of hydrogen and its
adsorption in the oxide layer reduces the activation energy for bubble nucleation and
improves the bubble density via liquid pumping.

As demonstrated experimentally, with the application of an electric field, the evolution of
hydrogen and its adsorption at the sample surface facilitate transition and nucleate boiling at a
much higher temperature range. This result can find many applications, especially in cases
where high cooling rates are required. The implications in a specific solar application, used
here as a demonstration/case study, were also considered, which led to the proposal of a revised
design of the cavity of a solar receiver. The current research extends the barriers of transient
two-phase cooling by simply taking advantage of the natural oxidation process during
immersion quenching. The research findings and proposed mechanism offer a new, robust

approach for mitigating thermal crises in high-energy density systems.
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Nomenclature

Cp Specific heat capacity (J/kg.K) DI
AH® Enthalpy change (J/mol) EDS

i Current time step IHCA

j Number of temperature sensors SEM

k Thermal conductivity (W/m.K) SS
k., Equilibrium reaction constant Thmin
m Global time steps XRD

q¢ Computed heat flux (W/m?)
q"(t)  Unknown heat flux (W/m?)

Aq Correction term

R Universal gas constant (J/K.mol)
T Number of future time steps

7o Radius of the sample (m)

t Time (s)

T(r,z,t) Instantaneous temperature (°C)
Tmeas(t) Time-dependent measured temperature (°C)

Tinitiar  Initial temperature (°C)

Greek symbols
p Density (kg/m?®)
) Sensitivity coefficient

€ Change in computed temperature

Abbreviations

CHF Critical heat flux

Deionized

Energy dispersive spectroscopy
Inverse heat conduction analysis
Scanning electron microscope
Stainless steel

Minimum film boiling temperature

X-ray diffraction
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