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ABSTRACT

The cooling of a (pebble bed) spent fuel in a high-temperature gas-cooled reactor (HTGR) is adversely affected by
an increase in the temperature of the used gas (air). To investigate this problem, a configuration consisting of
three copper spheres arranged in tandem subjected to a forced mist flow inside a cylindrical channel is considered.
The heat transfer coefficients and related variations as a function of Reynolds number are investigated accord-
ingly. The experimental results show that when compared to those with only airflow, the heat transfer coefficient
of the spherical elements with mist flow (j = 112 kg/m2 hr, Re = 55000) increases by 180%, 75%, and 20%, respec-
tively for the first, second, and third spherical element (the corresponding heat transfer enhancement ratio being
2.3, 1.4, and 1.1). Additional numerical simulations reveal that the presence of stagnant zones with intense vortex
formation around each spherical element contributes significantly to determine the heat transfer behavior.
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1 Introduction

The advancement of thermal power facilities is directly related to the resolution of problems such as
increasing reliability and operational properties, efficiency, lowering material consumption, and cost
intensity [1]. During the maintenance and reloading of a high-temperature gas-cooled reactor (HTGR),
high-temperature pebble bed spent fuel is produced and stored in dry, air-cooled casks before being
reprocessed or refabricated. Improved heat transfer in such spent fuel can increase reliability and integrity
while also shortening the cooling time of the fuel, lowering the cost intensity [2–5]. The use of two-phase
mist flow is a highly effective heat transfer method that can provide heat transfer coefficients that are
even higher than those found in other methods. According to [6–8], the deposition and subsequent
evaporation of water droplets on a heated surface determines heat transfer enhancement. Most studies
assumed that the carrier gas and dispersed water droplet velocities were the same, and that droplet
aerodynamic drag forces obeyed the Stokes law. The inertia of water droplets in this case is directly
related to the geometry of the flow area around the heated surface as well as the two-phase flow
parameters. As a result of the deposition of water droplets on successively heated surfaces, the
concentration of dispersed water droplets in the flow area changes significantly compared to its initial rate
[9]. In this regard, Novak et al. [10] used three different nozzle designs to investigate a nozzle-generated
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air/water mist for vertical channel cooling. According to their findings, nozzle designs and mean droplet
diameter have a significant impact on cooling performance. They also claimed that the air assisted nozzle
design improved heat transfer due to the extremely high turbulence intensity caused by the high velocity
jet. The effect of ultrasonic-generated water mist on the cooling performance of a vertical channel with
upward and downward flow patterns under forced convection was investigated by Abed et al. [11]. In
comparison to only air cooling, their experimental results revealed that for a range of mist concentration
and carrier air velocity, the average Nusselt number improved by up to 224%. Furthermore, the reported
uniform distribution of water mist for the upward flow case was due to the early and rapid deposition of
water droplets in the entrance region of the cooled cylinder. Baragh et al. [12] investigated heat transfer
by mist flow in a channel with various arrangements of porous media inserted at the channel core under
laminar and forced convection. It was discovered that combining mist flow with a porous medium has a
significant impact on heat transfer enhancement. High levels of heat transfer enhancement were between
100% and 265% for the transient flow regime, while at a high Reynolds number under constant heat flux,
the enhancement was around 467.7%. Abed et al. [13] investigated the effect of using ultrasonic-
generated mist flow on the cooling performance of a staggered tube bundle heat exchanger
experimentally. The results showed that using micro-sized water mist can increase the rate of heat transfer
by up to 270% when compared to single-phase air cooling for all heat exchanger rows over a wide mist
rate range. Pakhomov et al. [14] used an Eulerian model to investigate the heat transfer enhancement by
mist flow of a pipe with sudden expansion. They discovered that adding evaporating droplets increased
heat transfer rate by 1.5 times when compared to single-phase flow with low mist concentration (0.05).
The addition of small, non-evaporating droplets results in a slight increase in heat transfer rate. Wang
et al. [15] numerically investigated the effects of mist flow on the hot section cooling performance of a
gas turbine with different hole geometries. According to the findings, using a mist concentration of
10%–20% improved cooling performance by 5%–10%. Furthermore, they discovered that water droplets
with diameters ranging from 5 to 20 mm tend to move away from the wall, reducing cooling
performance. Abed et al. [16] have also investigated other specific factors on cooling heated surfaces
using mist flow. They investigated the cooling performance of a heated spherical element inside a
cylindrical channel using steady and unsteady heat transfer conditions. As a result of the comparison of
steady and unsteady heat transfer, three heat transfer regimes were identified: The dry zone corresponds
to the convection regime, while the dry-out and wet zones correspond to the evaporation and convection
regimes, respectively. The current study aims to broaden the research field of mist flow cooling systems
by highlighting the effects of several parameters such as gas velocity, water mist rate, and heat flux on
the cooling performance of three copper spheres arranged in tandem using an ultrasonic mist generator
under forced convection heat transfer conditions. As a result, the research gap in this study is the lack of
previous research on the changes in mist rate in the flow direction caused by mist deposition on
successively heated surfaces and their effects on cooling performance. This study will present a novel
understanding and development of cooling methods for fuel elements used in a gas-cooled reactor using
mist flow.

2 Configuration of the System

To investigate and analyse the effects of air and mist flows on the heat transfer performance of three
copper spheres arranged in tandem configuration, a fully experimental system was designed and built.
Fig. 1 shows a real photo of the experimental system, which included a cylindrical channel, mixing unit,
air blower, copper spheres, and measurement tools. The channel was vertically mounted and made of an
adiabatic material with a 0.0025 m wall thickness, 0.05 m diameter, and 0.94 m total length. To simulate
the fuel elements in a gas-cooled reactor, three 0.34 m diameter copper spheres with internal electric
heaters were placed inside the channel with a 2 dsp distance between them. The electric heaters are
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0.008 m in diameter and 0.031 m in length, respectively, and are equipped with an AC voltage regulator to
regulate and achieve the required heat flux. The mist flow was created in the mixing unit by combining
blower air and water droplets from the ultrasonic generator operating at 1.7 MHz. During the
experiments, the electrical power supplied to the heaters inside the spheres, their surface temperature with
two K-type thermocouples, and the temperature of the mist flow in the mixing unit were all measured. To
record the measured temperature, all used thermocouples connected to a digital thermometer type () and
then to a computer. A pitot tube with a digital manometer was used to measure the velocity of the
supplied air.

3 Uncertainty Analysis and Data Processing

The heat transfer coefficient values were calculated by dividing the net power supplied to spherical
elements by the difference between the average surface temperature of the sphere Tav.sph and the
oncoming flow Tin multiplied by the sphere area under steady-state conditions and constant heat flux on
the surface of the sphere elements, taking into account the heat loss Qlos in the sphere supported bar.

h ¼ Pel: � Qlos

Asph � Tav:sph � Tin
� � (1)

The following formula is used to compute the corresponding Nusselt number (Nu):

Nu ¼ h � dsph
λm

(2)

The Reynolds number (Re) is calculated as follows:

Re ¼ q � u � dsph
lm

(3)

Figure 1: Shows the experimental system configuration. 1. Adiabatic channel, 2. Mixing unit, 3. Ultrasonic
mist generator, 4. Spherical elements with electric heaters, 5. Thermometer digital, 6. AC voltage regulator,
7. Multimeter; 8. Pitot tube, 9. Manometer, and 10. Computer
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Because the ultrasonic transducer at 1.7 MHz produces a water mist with an ultra-fine diameter, Lang
[17] proposed the following formula based on the capillary wave mechanism to determine the diameter of the
water droplets generated by the ultrasonic generator:

ddrop ¼ 0:34
8pr

qλ2

� �1
3

(4)

The Stokes number (Stk) is calculated as follows [18]:

Stk ¼
um � qm � d2drop
18 � lm � dsph (5)

The irrigation density of mist flow is calculated as follows:

j ¼ G=Ach (6)

where G is the mass flow rate of water mist in kg/hr. To improve the reliability of the obtained data as well as
the experimental setup, the uncertainties in the heat transfer coefficient, Nusselt number, and friction factor
were eliminated using the Eqs. (7)–(9) presented by [19].

DNu

Nu
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where h ¼ q

Tav:sph � Tin
� �

Dh

h

� �
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4 Results and Discussion

Both air and mist flows were carried out under the same hydrodynamic conditions with the Reynolds
number from 2500 to 55000 and the heat flux q = 10200 W/m2 in order to analyse the heat transfer
characteristics of spherical elements placed in the restricted conditions of a cylindrical channel. The
obtained results allow us to evaluate the critical factors that influence heat transfer in both cases. Before
conducting the mist flow experiments, the first spherical element was tested with only air to confirm and
validate the experimental setup. Fig. 2 depicts the Abed et al. [16], Whitaker [20], and Romkes et al. [21]
correlations for the heat transfer rate in terms of Nusselt number (Nu). The comparison shows that the
current results and the empirical correlations are very close. This demonstrates the dependability of the
experimental setup and process employed in the current study. Fig. 3 depicts the heat transfer coefficient
data obtained for three spherical elements with different Re numbers sequentially placed inside the
channel. As expected, an increase in the heat transfer coefficient was observed for a single-phase air flow,
both with an increase in the Reynold numbers and for each sphere element in the wake after the first one,
followed by stabilisation of the heat transfer coefficient beginning with the third sphere.
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The following empirical colorations are developed from the obtained data for the first, second, and third
spheres for D/dsph = 1.35:

Nu ¼ 0:47 � Re0:58 � P0:33
r ; for first sphere

Nu ¼ 0:65 � Re0:58 � P0:33
r ; for second sphere

Nu ¼ 0:69 � Re0:58 � P0:33
r ; for third sphere

(10)

When mist flow was used, the distribution of heat transfer coefficients was observed to follow the
opposite pattern (see Figs. 4 and 5). The first spherical element, on whose surface a significant portion of
the mist flow’s water droplets settled, had the highest heat transfer coefficient values. This was confirmed
by further investigation of the droplet settling mechanism developed in this study. When comparing the
heat transfer enhancement of spherical elements in air and mist flows at the same Reynolds numbers, the
influence of heat and mass transfer on the heat transfer coefficient is especially evident. Figs. 6–8 show a

Figure 2: Nussult number (Nu) vs. Reynolds number (Re) at j = 0 kg/m2 hr

Figure 3: Heat transfer coefficient comparison of three spherical elements with j = 0 kg/m2 hr
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significant decrease in heat and mass transfer for the second and third spherical elements at irrigation
densities ranging from 46 to 112 kg/m2 hr. The general trend of the heat transfer process is a reduction in
heat transfer coefficients from the first to the last element, and for the third element—to the level of heat
transfer with only air flow. All of this suggests that the concentration of water droplets deposited on the
surface of the spherical elements as they flow around in the channel has decreased significantly.

5 Modeling and Analysis of Heat Transfer Characteristics

Different hydrodynamic conditions of the flow around their surface can be expected when using single-
phase or mist flows on three copper spheres arranged in tandem configuration in a cylindrical channel,
resulting in a significant difference in their heat transfer characteristics. If the first spherical element is in
the zone with the least amount of turbulence, the subsequent ones are in the zone of the vortex wake
from each of their predecessors. In this case, simulation of the flow around the spherical elements in the
cylindrical channel under constrained conditions can be useful in estimating and predicting the general

Figure 4: Heat transfer coefficient comparison of three spherical elements with j = 88 kg/m2 hr

Figure 5: Heat transfer coefficient comparison of three spherical elements with j = 112 kg/m2 hr
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flow pattern. As a result, the flow was simulated in three dimensions using ANSYS FLUENT v.17 and the
three-dimensional Reynolds-averaged Navier-Stokes equation solved by using simple algorithm. To solve
the system of equations, the turbulence model SST k-ω was used (see Eqs. (14)–(16)), which combines
the advantages of the k-ε and k-ω models and determines the turbulent effect near the surface with the
highest accuracy of shear stress and heat transfer on the sphere surface. Table 1 shows the constants of
SST k-ω model. For the convective components in the momentum, energy, and turbulence equations, a
second-order upwind scheme is employed [22].

Figure 6: Heat transfer enhancement ratio comparison of three spherical elements with j = 46 kg/m2 hr

Figure 7: Heat transfer enhancement ratio comparison of three spherical elements with j = 88 kg/m2 hr
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The conservation of mass (continuity equation):

∂
∂xi

quið Þ þ ∂
∂xj

quj
� �þ ∂

∂xk
qukð Þ ¼ 0 (11)

- Momentum equation:

@ quiuið Þ
@xi

quið Þ þ @ quiuj
� �
@xj

quj
� �þ @ quiukð Þ

@xk
qukð Þ ¼ � @p

@xi
þ @ siið Þ

@xi
þ @ sij

� �
@xj

þ @ sikð Þ
@xk

þ qgi (12)

- Energy conservation equation

@ quTð Þ
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þ @ qvTð Þ
@xj

þ @ qwTð Þ
@xk

¼ @
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k
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@T

@xi

� �
þ @

@xi

k

cp

@T

@xj

� �
þ @

@xi

k

cp

@T

@xk

� �
(13)

- Kinematic Eddy Viscosity

mT ¼ a1j
max a1v; SF2ð Þ (14)

- Turbulence Kinetic Energy

@j
@t

þ Uj
@j
@xj

¼ Pj � b�jxþ @

@xj
mþ rjmTð Þ @j

@xj

� �
(15)

Figure 8: Heat transfer enhancement ratio comparison of three spherical elements with j = 112 kg/m2 hr

Table 1: SST k–ω model constants

k β* β σω r2x
0.41 0.075 0.0828 0.85 1.0
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- Specific Dissipation Rate

@x
@t

þ Uj
@x
@xj

¼ aS2 � bx2 þ @

@xj
mþ rxmTð Þ @x

@xj

� �
þ 2 1� F1ð Þrx2

1

x
@j
@xi

@x
@xi

(16)

Fig. 9 depicts the computational domain, which includes the channel’s inlet, sphere, and outlet sections.
The generated grid’s dependence is studied using four different computational grids with total elements (for
fluid and solid regions) ranging from 1.35 to 2.05 million. Table 2 indicates that the grid with 2.05 million
element numbers is good enough for the test. The inlet flow velocity ranged from 0.89 to 18.9 m/s, the air
temperature at the inlet section was 298 K, and the heat flux on the sphere surface was equal to 10 kW/m2.
Under normal conditions, i.e., at +25°C and atmospheric pressure, it was assumed that the flow is
incompressible with an initial level of turbulence of 1%. Fig. 10 depicts the numerical simulation results
as streamlines velocity with successive air flow around sphere elements for Re = 2.5 · 103 and
Re = 5.5 · 104 values. The values of the temperature distribution on the surface of the spherical elements
are also given in Fig. 11, indicating the corresponding non-uniformity of local heat transfer. The presence
of the channel’s restrictive walls and spherical elements causes the formation of stable vortex zones that
occupy a large portion of the channel cross section. In a narrow region between the channel walls and the
spherical surface, the flow velocity sharply increases and subsequently remains noticeably higher along
the channel walls, resulting in the formation of a near-wall annular layer that interacts with stagnant
vortex zones in the space between the spheres. When water droplets are present in the flow, they move at
the velocity of the carrier air flow, and the overall pattern of the flow around the elements by the carrier
flow is obviously maintained, but accompanied by droplets deposition on the sphere surfaces.

The effective number of droplets deposited on the surface of the sphere elements is defined as the
number of droplets deposited on the surface divided by the total number of droplets in the flow. The
effective parameter for a single cylinder is defined as [23]:

g ¼ 0; 675
Stk

1þ 0; 125Re0;22

� �0:2

(17)

where the Stokes number (Stk) determines the likelihood of water droplets settling on the surface of spheres
with diameter ddrop at a velocity u equal to the flow velocity u. In the range of Reynolds numbers, the
effective parameter for water droplets with a diameter of (ddrop = 2.7 µm) is between = 0.26 ... 0.45.
Re = 2.5 ∙ 103 … 5.5 ∙ 104.

The analogue parameter (η) represents the relative amount of water droplets (n) deposited on the surface
of the spheres in accordance with the heat balance equation for cooling its surface, taking into account
droplets reheating on the surface:

q ¼ ha Ts � Tmð Þ þ n � r � j 1þ cw Ts � Tmð Þ=r½ � (18)

q ¼ hj Ts � Tmð Þ:
The theoretical values of parameter (n) for each of the spheres, on the upper half of which water droplets

settle, are determined using experimental values of heat transfer coefficients for air and mist flows (ha
and hj).
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ni ¼ 1� hj
ha

� ��1
" #

� qi

0; 5 � jr 1þ cw Ts � Tmð Þ
jr

� � : (19)

Fig. 12 depicts the relative amount of water droplets deposited on the surface of spherical elements as a
function of the Reynolds number at j = 112, 88, and 46 kg/m2 hr irrigation densities. According to the data
analysis, the values of parameter (n) are determined by the position of the spherical elements in the channel
and do not depend on the irrigation density.

Table 2: Grid sensitivity analysis

Parameters Total elements

1.35 1.55 1.75 2.05

Temperature, K 390.61 392.32 393.40 393.38

Figure 9: (a) Computational domain, (b) Mesh models
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Figure 11: Depicts the temperature distribution across the surface of spherical elements

Figure 10: Velocity of streamlines around spherical elements
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6 Conclusion

A significant non-uniformity in the direction of flow characterises the heat transfer enhancement of three
copper spheres arranged in tandem configuration in a cylindrical channel cooled by a mist flow. The first
element has a heat transfer coefficient that is 2.3 times greater than the second and third elements. The
constrained flow conditions in the channel around the spheres contribute to the formation of stagnant
zones with high levels of vortex formation and the near-wall annular region of the flow with droplet,
which determines the disparity of its deposition on the surface and a decrease in the heat and mass
transfer of the second and third ball elements. The droplet deposition on the first element determines the
subsequent flow behaviour and heat transfer features between the spheres surface and the mist flow.
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