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In this study, turbulent natural convection heat transfer during the
charge cycle of an isochoric vertically oriented thermal energy
storage (TES) tube is studied computationally and analytically.
The storage fluids considered in this study (supercritical CO2 and
liquid toluene) cover a wide range of Rayleigh numbers. The
volume of the storage tube is constant and the thermal storage
happens in an isochoric process. A computational model was uti-
lized to study turbulent natural convection during the charge
cycle. The computational results were further utilized to develop a
conceptual and dimensionless model that views the thermal stor-
age process as a hot boundary layer that rises along the tube wall
and falls in the center to replace the cold fluid in the core. The
dimensionless model predicts that the dimensionless mean temper-
ature of the storage fluid and average Nusselt number of natural
convection are functions of L/D ratio, Rayleigh number, and
Fourier number that are combined to form a buoyancy-Fourier
number. [DOI: 10.1115/1.4038587]

Introduction

Many important forms of renewable energy sources (e.g., wind
and solar) are intermittent by nature. Consequently, low-cost and
reliable energy storage is required to increase the dispatchability

and reliability of these energy sources. Thermal energy storage
(TES) is an important subsystem of concentrating solar power
plants leading to greater penetration of solar power [1]. The state-
of-the-art of TES for utility-scale power generation is a direct or
indirect two-tank system in which a molten salt is utilized as the
storage fluid. Molten salt is a suitable candidate for TES due to its
low vapor pressure and high sensible heat capacity; however,
increased cost of molten salt has led to elevated cost of thermal
storage using conventional two-tank systems. In order to reduce
the cost of TES, different materials including supercritical fluids
[2–4], molten oxide glass materials [5], and elemental fluids [6–9]
have been proposed as alternative storage fluids.

In this study, a dimensionless model is developed to character-
ize the heat transfer process in vertical thermal storage tubes. The
computational results of a previous study [10] are extended and
utilized to develop a dimensionless model that is able to predict
the average convective heat transfer coefficient and the average
temperature of the storage tube during charge cycle for different
L/D configurations of the storage tube.

Computational Model, Verification, and Validation

A comprehensive description of the adopted computational
model is provided in the authors’ previous study [10]. An axisym-
metric solution domain was utilized for the computations. Four
configurations of the vertically oriented storage tubes with L/D of
4, 8, 12, and 16 are investigated. The storage fluids that are used
in this study are supercritical CO2 (Pr¼ 1.1) and liquid toluene
(Pr¼ 12.41). The initial temperature of the storage fluids is
assumed to be different in carbon dioxide and toluene computa-
tions, namely, 350 K and 250 K, respectively. A constant tempera-
ture difference of DT¼ 100 K is considered between the initial
temperature of the storage fluids and the outer surface of the tube
wall. The governing equations of the problem are continuity,
momentum, and energy. Rayleigh number values for different
computations are summarized in Table 1. Previous studies on
natural convection in vertical cylinders show that turbulent flow
is established for Ra > 1011 � 1013 [11,12]; therefore, the
buoyancy-driven flow in the storage tubes of this study is initially
in the turbulent regime. The standard two-equation k–e model is
utilized to model turbulence.

A grid refinement study was utilized to verify the model and to
obtain the best computational grid for the computations in
Ref. [10]. The final computations were performed on a grid with
225,000 cells. In order to validate the computational model of this
study, the model was adjusted and utilized to reproduce the exper-
imental results of Evans and Reid in Ref. [12]. Figure 1 shows the
computational results of the model along with experimental values
extracted from Evan and Reid’s paper [12]. The agreement
between experimental and computational results shows that the
computational model of this study is validated to predict the heat
transfer characteristics in transient natural convection in vertical
cylinders. Previous studies have shown that the utilized k–e turbu-
lence model is able to reproduce experimental data in supercritical
fluids [13,14].

Results and Discussion

The configurations of flow field and temperature field are dis-
cussed in Ref. [10]. Initially, heat conducts into the storage fluid

Table 1 Rayleigh number of computations with different
aspect ratio and storage fluids

L/D S-CO2 Toluene

4 (Di¼ 171 mm) 1:77� 1014 2:71� 1012

8 (Di¼ 135.7 mm) 7:10� 1014 1:03� 1013

12 (Di¼ 118.5 mm) 1:60� 1015 2:42� 1013

16 (Di¼ 107.7 mm) 2:84� 1015 4:31� 1013
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from the tube wall and increases the temperature of the fluid near
the wall. The buoyancy force causes the fluid to accelerate in the
opposite direction from gravity and form a natural convection
boundary layer attached to the tube wall. The upward flow of the
heated fluid comes in contact with the top wall of the tube and is
forced to move in the inward radial direction. Consequently, con-
servation of mass requires a downward flow at the center of the
tube, forming a recirculating flow.

The attention is now turned to the buoyancy-driven heat trans-
fer process. Figures 2(a) and 2(b) illustrate the variation of the

dimensionless spatially averaged temperature of the storage fluid,
hm, during the charge cycle as a function of Fourier number for
different L/D ratios with supercritical CO2 and toluene, respec-
tively. The curves are terminated at the Fourier number corre-
sponding to hm ¼ 0:9. The variations of dimensionless mean
temperature in all four tubes show a similar trend. Steep changes
of dimensionless mean temperature are shown at the start of the
charge cycle which is followed by a reduction of the slope of tem-
perature curves. Tubes with larger L/D ratio have larger Rayleigh
number and exhibit steeper variation of dimensionless mean
temperature versus Fourier number in both cases. The charge time
criterion (i.e., hm ¼ 0:9) for toluene is satisfied at relatively larger
Fourier numbers compared to supercritical CO2, which is consist-
ent with lower Rayleigh numbers associated with toluene (see
Table 1).

In order to study heat transfer during the charge cycle, the vari-
ation of Nusselt number versus Fourier number for different L/D
ratios and storage fluids is plotted in Figs. 3(a) and 3(b). Higher
L/D ratio in both storage fluids leads to higher values of Nusselt
number which is consistent with the behavior of dimensionless
temperature. Changing the aspect ratio of the storage tube affects
the variation of Nusselt number versus Fourier number; therefore,
the L/D ratio of the storage tubes needs to be included in a com-
prehensive dimensionless model for the problem. The Nusselt
number values of supercritical CO2 are relatively larger than the
ones of toluene, consistent with the larger values of Rayleigh
number using supercritical CO2 as the storage fluid.

Dimensionless Heat Transfer Model

In this section, a dimensionless model will be developed based
on the numerical results to fully characterize the heat transfer

Fig. 1 Validation of the computational model with reproducing
the experimental data reported in Ref. [12] for a similar configu-
ration of parameters

Fig. 2 (a) Variation of dimensionless mean temperature of the storage fluid during charge
cycle for supercritical CO2 and (b) variation of dimensionless mean temperature of the storage
fluid during charge cycle for toluene

Fig. 3 (a) Variation of Nusselt number during charge cycle for supercritical CO2 and (b) varia-
tion of Nusselt number during charge cycle for toluene
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during charge cycle of an isochoric vertical thermal storage tube.
The objective of this model is to find a relationship for the Nusselt
number that would enable the distinct curves in Figs. 3(a) and
3(b) to collapse onto a single curve. A single curve for all L/D
ratios would characterize the heat transfer due to buoyancy-driven
flow during charge cycle. The model would also collapse the dis-
tinct curves of dimensionless temperature in Figs. 2(a) and 2(b) as
described previously in Ref. [10].

During the charge cycle, the flow field in vertical storage tubes
exhibits three regions as shown schematically in Fig. 4: (1) the
thermal boundary layer attached to the tube wall, (2) the core of
the storage fluid outside the boundary layer, and (3) the mixing
region at the top section of the tube. The mixing region is the hot-
test region of the tube and in the conceptual model it is assumed
to be at the constant temperature of the wall, Tw. The model also
assumes that conduction from the boundary layer to the core
region is negligible when compared to the rate of convection;
therefore, the temperature of the core region remains at the initial
temperature, To. The development of temperature field in all simu-
lations shows that during charging, the accumulation of hot
and buoyant flow at the top of the tube leads to propagation of
the mixing region toward the bottom of the tube. At the end of
charging most of the volume of the storage tube is occupied by
the mixing region.

The length of the core region of the storage fluid is represented
by eL which is equal to the length of the tube, L, at the start of the
charge cycle and reduces with time. As the mixing region propa-
gates toward the bottom of the tube, eL=L decreases.

The results of different studies on turbulent free convection
[15,16] suggest that the Nusselt number for natural convection on
a vertical surface is characterized by

NuL ¼ f Prð ÞRam
L (1)

where the function f and exponent m are determined by experi-
mental or analytical approaches. Equation (1) will be utilized later
in developing the dimensionless model to relate Nusselt number
and Rayleigh number.

An energy balance suggests the following approximation for
the storage fluid mean temperature, Tm during charging:

Mcp
dTm

dt
ffi �h Tw � Toð ÞpDL (2)

Equation (2) states that the rate of heat transfer is proportional to
the temperature difference between the wall and the temperature
of the core region shown in Fig. 4. It is assumed that heat transfer
between mixing region and the wall is negligible because the
temperature of both regions is Tw. Equation (2) was integrated
and rearranged to form a dimensionless expression for the mean
temperature as shown in the following equation:

hm ffi 4
L

D

� �
NuL � FoL (3)

Equation (1) was then utilized to relate average Nusselt number to
Rayleigh number and Prandtl number. The dimensionless temper-
ature of the storage fluid can now be expressed as shown in the
following equation:

hm ffi 4f Prð Þ � BF (4)

where BF is the buoyancy-Fourier number defined as

BF ¼ L

D

� �
Ram

L � FoL (5)

Equations (4) and (5) suggest that the dimensionless mean
temperature of the storage fluid, hm is a linear function of the BF
number and Prandtl number; however, Eqs. (4) and (5) are derived
based on the vertical flat plate assumption and not a vertical tube
configuration. Therefore, it is expected that the relation between hm

and BF does not follow the linear trend but hm still remains a func-
tion of BF in a nonlinear form. In Fig. 5, the dimensionless tempera-
ture hm is plotted as a function of BF number for all L/D ration and
for both storage fluids (supercritical CO2 and toluene). Apparently,
the results of all L/D ratios collapse on a single curve for each stor-
age fluid corresponding to different Prandtl numbers. It should be
noted that supercritical CO2 and toluene are significantly different in
Prandtl number. The developed model can be utilized to find the var-
iation of mean temperature of the storage fluid within the range of
parameters tested as long as the turbulent assumption is correct.

The dimensionless model of heat transfer was further expanded
by considering the definition of average Nusselt number in the
equation given below:

Fig. 5 Variation of dimensionless mean temperature of the
storage fluid as a function of BF number for supercritical CO2

and toluene. The results of each storage tube collapse on a
single curve.

Fig. 4 Schematic of the natural convection boundary layer and
different regions of the storage tube during charge cycle
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NuL ¼
Q

2pRL

L

kDT
(6)

The convective heat transfer rate, Q, is defined by Eq. (7) based
on the temperature difference between the tube wall and the core
region; therefore, the heat transfer only occurs along the length of

the core region, eL
Q ¼ �heL Tw � Toð Þ2pReL (7)

Equation (7) was then substituted into Eq. (6), and the solution is
rearranged to obtain Eq. (8). The total Nusselt number NuL is
equivalent to the partial Nusselt number, NueL , because no heat
transfer is assumed to happen between tube wall and the mixing
region

NuL ¼ NueL ¼ RameL f Prð Þ ¼ Ram
L

eL
L

� �3m

f Prð Þ (8)

Equation (8) suggests that the average Nusselt number is a

function of length ratio eðL=LÞ which is initially equal to 1 and

decreases during charge time. The length ratio (eL=LÞ is now
shown to be a function of dimensionless temperature of the stor-
age fluid. One may write the mean temperature of the storage fluid
Tm in terms of the tube wall and the initial temperatures as shown
in the equation given below:

Tm ¼
Tw L� eLð Þ þ To

eL
L

(9)

Rearrangement of Eq. (9) shows that the length ratio eðL=LÞ is a
function of dimensionless temperature of the storage fluid and
essentially a function of BF number as shown in the following
equation:

eL
L
¼ 1� Tm � To

Tw � To
¼ 1� hm ¼ �f BFð Þ (10)

Since dimensionless temperature of the storage fluid hm is a func-

tion of BF number and Prandtl number as shown on Fig. 5, eðL=LÞ
is also a function of BF number. Equation (10) is now plugged
into Eq. (8), and the solution is rearranged in the form of the
below equation:

NuLRa�m
L ¼ g BFð Þf Prð Þ (11)

Equation (11) suggests that NuLRa�m
L is only a function of

buoyancy-Fourier number and Prandtl number. The results of the

supercritical CO2 and toluene computations are utilized to plot
NuLRa�m

L as a function of BF number in Fig. 6. The curves of all
L/D ratios collapse on a single curve for each storage fluid (corre-
sponding to Prandtl Number). This behavior confirms that Nusselt
number is a function of defined buoyancy-Fourier number and is
inversely related to Rayleigh number. The value of exponent m is
obtained by a statistical approach explained in details in Ref. [10].
The initial values of BF number for all L/D ratios correspond to
the times that conduction plays a major role and the developed
model (which is based on turbulent natural convection) leads to
slight disagreement of the curves. Figure 6 and Eq. (11) character-
ize the convective heat transfer process during the charge cycle.
Using the developed dimensionless method, the convective heat
transfer coefficient can be approximated as long as the buoyancy-
driven flow is in the turbulent regime.

Conclusions

In this study, the turbulent natural convection heat transfer dur-
ing charge cycle of an isochoric thermal energy storage tube was
studied computationally and theoretically. The thermal storage
fluids (supercritical CO2 and toluene) were chosen based on their
significantly different properties and Prandtl numbers. The storage
fluids were contained in sealed and vertical storage tubes. The
outer surface of the storage tubes were assumed to be exposed to a
constant temperature.

The results of this study show that the dimensionless mean tem-
perature of the storage fluid and the average Nusselt number are
influenced by the L/D ratio of the storage tubes in vertical orienta-
tion. Tubes with larger L/D ratio exhibit shorter charge times due
to increased buoyancy-driven flow activity and larger heat transfer
surface area.

A theoretical dimensionless model was developed to character-
ize the natural convection heat transfer process during charge
cycle. The model shows that the dimensionless mean temperature
of the storage fluid and the Nusselt number are functions of the
BF. Assuming a turbulent buoyancy-driven flow, the developed
dimensionless model can be utilized to estimate the convective
heat transfer coefficient of any L/D configuration of the storage
tubes.
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Nomenclature

BF ¼ L=Dð ÞRam
L � FoL ¼ buoyancy-Fourier number

cp ¼ specific heat of storage fluid
(J/kg K)

D ¼ inner diameter of the storage
tube (m)

FoL ¼ ðkSFt=qcpL2Þ ¼ Fourier number
g ¼ 9:81 ¼ gravity (m/s2)

�h ¼ average convective heat
transfer coefficient (W/m2 K)

L ¼ length of the storage tube (m)eL ¼ length of core region (m)
m ¼ 0.36 ¼ exponent

M ¼ mass of storage fluid (kg)
NuL ¼ ððqwLÞ=ðkðTw � TmÞÞÞ ¼ average Nusselt Number

qw ¼ average wall heat flux to
storage fluid (W/m2)

Fig. 6 Variation of Nusselt number as a function of BF number
for supercritical CO2 and toluene. The results of each storage
tube collapse on a single curve.
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Ra ¼ ððgbL3ðTw � ToÞq2cpÞ=lkÞ ¼ Rayleigh number
t ¼ time (s)

T ¼ temperature (K)
Tm ¼ spatially averaged

temperature of storage fluid
(K)

To ¼ initial temperature of the
storage fluid (K)

Tw ¼ constant boundary
temperature (K)

Greek Symbols

b ¼ thermal expansion coefficient
(1/K)

hm ¼ ððTm � ToÞ=ðTw � ToÞÞ ¼ dimensionless temperature of
storage fluid

k ¼ thermal conductivity of
storage fluid (W/m K)

l ¼ viscosity of storage fluid
(Pa�s)

q ¼ density of storage fluid
(kg/m3)
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