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Abstract 

With the concept of the rotating drum heat exchanger, latent heat can be released with a high and 

constant surface specific heat flux. Phase change material (PCM) solidifies on the outer surface of a 

drum, which is steadily removed by a fixed scraper during rotation. Two novel calculation approaches 

for determining the heat transfer and the layer thickness for a rotating drum heat exchanger are 

developed and validated with existing experimental data. This includes the identification of correlations 

for the thickness of the adhering liquid layer after the surface emerges from the liquid PCM and the local 

surface coefficient of heat transfer on the outside of a partially immersed rotating drum. While a 

calculation approach based on the quasistationary simplification underestimates the experimentally 

measured heat transfer for rotational speeds above 4 min-1 by 31 % on average, a detailed transient 

numerical simulation based on a time-varying finite difference scheme reproduces the experimentally 

measured heat transfer with an accuracy of 8 % on average. By applying the transient numerical 

simulation to a rotating drum heat exchanger using sodium nitrate as the PCM, a surface specific heat 

transfer based on the entire drum surface of up to 400 kW∙m-2 can be assumed, showing the high 

potential of the rotating drum heat exchanger for industrial and power plant applications. 
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Highlights 

• Simulation of a rotating drum heat exchanger for latent heat storage 

• Comparison of quasistationary simplification and detailed numerical investigation  

• Reproduction of experimentally measured heat transfer with an accuracy of 8 % on average 

• Identification of a heat transfer correlation for partially immersed cylinders 

• Heat transfer potential of up to 400 kW∙m-2 when using NaNO3 as PCM 
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Nomenclature 

Latin  

a  thermal diffusivity, [a] = m2∙s-1 

cp   heat capacity at constant pressure, [cp] = J∙kg-1∙K-1 

d  diameter, [d] = m 

g  gravimetrical acceleration, [g] = m∙s-2 

h  surface coefficient of heat transfer, [h] = W∙m-2∙K-1 

K  coefficient of heat transfer, [K] = W∙m-2∙K-1 

k  thermal conductivity, [k] = W∙m-1∙K-1 

L  specific latent heat, [L] = J∙kg-1 

n   rotational speed, [n] = s-1 

q̇  surface-specific heat flux, [q̇] = W∙m-2 

s  thickness, [s] = m 

T  thermodynamic temperature, [T] = K 

t  time, [t] = s 

u  velocity, [u] = m∙s-1 

x  (specific) length, [x] = m 

Greek  

η  dynamic viscosity, [η] = Pa∙s 

Θ  (immerging) angle, [Θ] = ° deg 

k  thermal conductivity, [k] = W∙m-1∙K-1 

ϱ  density, [ϱ] = kg∙m-3 

σ  surface tension, [σ] = N∙m-1 

Mathematical Symbols 

∂  partial differential 

Δ  finite difference 

d  differential 

Dimensionless Numbers 

Nu  Nusselt number, Nu = h∙x∙k-1   

Re  Reynolds number, Re = ϱ∙v∙x∙η-1 

Pr  Prandtl number, Pr = η∙cp∙k
-1 

Bi  Biot number, Bi = h∙x∙k-1 

Sub-/Superscripts 

0  initial value  

̅  median 

adh   adhesion 

amb  ambient 

HTF  Heat Transfer Fluid  

h  hydraulic 

i  iteration indices / inside 

k  time step 

l  liquid 

m  melting 

min  minimum 

n  node/boundary 

o  outer/outside 

PCM  Phase Change Material  

s   solid/boundary steel-PCM 

x  local 
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1 Introduction 

With latent heat thermal energy storages, thermal energy can be stored with increased storage density 

by utilizing the phase change of a phase change material (PCM), typically from liquid to solid state. 

During the discharge process of latent heat thermal energy storages, a layer of solidified PCM grows on 

the heat exchanger wall. Since the thermal conductivity of most cost-effective PCM is low, the growing 

solidified layer decreases the heat transfer depending on the state of discharge. This results in a 

time-dependent heat transfer during the discharge process. Beside other concepts summarized in [1], the 

concept of the rotating drum heat exchanger overcomes this limitation by a continuously scraped 

surface. The principle of the rotating drum heat exchanger is shown in Figure 1. Figure 2 shows a picture 

of the experimental test rig examined in [1], which also served as prove of concept. Thereby, a rotating 

drum is partially immersed in liquid PCM. A heat transfer fluid (HTF) passes through the inner side of 

the drum and extracts thermal energy from the outer PCM. The HTF can be either a single-phase fluid 

but rather an evaporating fluid. If the temperature of the HTF is below the melting point of the PCM 

used, the liquid PCM solidifies on the outside of the drum. The solidified PCM is moved out of the 

liquid PCM by the rotation of the drums surface and scraped off by a stationary scraper. The scraped 

PCM can be stored in a separate tank to achieve a complete separation of the power and capacity of the 

storage system. At the point of emergence, liquid PCM adheres to the surface, which solidifies after the 

surface has left the liquid PCM, as shown in Figure 3. This increases the surface area where solidification 

occurs. In the case of an HTF temperature above the melting temperature of the PCM, the rotating drum 

can also be used for the purely convective transfer of sensible heat. In this case, no solidification occurs. 

The concept is introduced and described in full detail in [1] and [2]. Compared to state-of-the-art two-

tank molten salt storage systems commonly used in large scale Concentrated Solar Power Plants, the 

storage density of a storage system based on the rotating drum can be increased by the phase change 

enthalpy of the storage material. Thus, compared to a sensible molten salt thermal energy storage using 

pure sodium nitrate as storage material in the temperature range between 350 °C and 550 °C, the demand 

of storage material can be reduced by about 40 % when utilizing the phase change enthalpy as well as 

the temperature range from the melting temperature at 306 °C up to 550 °C [3]. This results in a cost 

reduction of both the storage material as well as the storage tanks. Another essential characteristic of 

latent heat thermal energy storages is their isothermal temperature level during the phase change process. 

This enables an almost isothermal charging and discharging of thermal energy storages. This is a key 

element for the success of systems where the exergetic losses are crucial for the efficiency of the system, 

such as in a certain variant of Carnot batteries [4], [5].  Furthermore, the provision of climate-neutral 

thermal energy for industrial processes, which is currently mainly based on fossil fuels, is becoming 

more in focus. Within the EU 28 states, the demand of thermal energy within the temperature range of  
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through annular gap

Figure 1: Principle of the rotating drum heat 

exchanger 

Figure 2: Figure of the experimental test rig 

examined in [1] 
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200 – 400 °C amounts to 2200 PJ per year, which corresponds to about 5% of the final energy demand 

across all sectors [6]. Steam is the most important carrier of thermal energy within this temperature 

range [7]. With a heat storage system based on the rotating drum heat exchanger, this demand can be 

met on demand by fluctuating renewable energy sources, either directly in the form of heat or by 

electrical energy using a heat pump or resistance heating elements. 

The rotating drum has been experimentally investigated using the low temperature PCM decanoic acid. 

The experimental results are presented in [1]. Currently, specific calculation approaches for determining 

the heat transfer of a rotating drum heat exchanger are quite limited within the literature. Within this 

research, two novel calculation approaches for the calculation of the effective heat transfer as well as 

the layer thickness of the solidified PCM are developed and verified by the experimental results. Both, 

one based on the quasistationary calculation approach and one detailed transient numerical simulation, 

based on the finite difference method, are compared with each other and investigated for their 

applicability on the rotating drum heat exchanger. The main objective of this research is to obtain a 

calculation tool for the discharge performance of a heat storage system based on the rotating drum. The 

calculation tool should be applicable for the optimization and dimensioning of a high-temperature 

rotating drum heat exchanger and the uncertainties in the calculation should be estimable. 

2 Description of the modelling approaches 

Within this section, two different calculation approaches for the rotating drum heat exchangers are 

introduced. Both calculation approaches contain models for the heat transfer coefficients at the outer 

and inner side of the rotating drum and for the thickness of the adhering liquid PCM when the surface 

is emerged from the liquid PCM, which are identified in the sections 2.1 – 2.3. This is followed by the 

so called quasistationary calculation approach in section 2.4 and the introduction of a detailed transient 

numerical simulation in section 2.5. 

2.1 Heat transfer coefficients at the outer side of the rotating cylinder 

The heat transfer coefficient at the outer surface of the rotating drum is calculated by empirical 

correlations. For the heat transfer coefficient of a rotating cylinder completely surrounded by one 

medium, there are several correlations available in the literature e.g. in [8-11]. For a partially immerged 

rotating drum, no specific correlation could be identified by the authors. Nevertheless, the local 

surface-specific heat transfer coefficient can be compared to a continuously moving flat surface within 

a quiescent medium. According to [12] the following expression can be used for laminar conditions 

Nux

√Rex∙Pr
= 𝑓(Pr) (1)  

Further research on a continuously moving plane surface is also carried out by [13] and [14] with the 

same results for the laminar conditions. Here, 𝑓(Pr) is found by a numerical solution and is 0.4174 at 

electrical
heaters

rubber
lipp

liquid
PCM

solid
PCM

      

HTF scraper electrical
heaters

adhering 
PCM

liquid
PCM

solid
PCM

      

HTF scraper

    

Figure 3: Illustration of the rotating drum heat exchanger a) without adhesion b) with adhesion 

(a) (b) 
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Pr = 0.7 for the ambient air. For decanoic acid, used in [1] for the experimental study, the Prandtl-

Number is 88.72. The value of 𝑓(Pr = 88.72) is found to be 0.5531 by linear interpolation of the data 

given in [13] between Pr = 30 and Pr = 100. In the same way, 𝑓(Pr = 6.4704) is determined to be 0.521 

for sodium nitrate, later used in Section 4. The local Reynolds-Number Rex and the local Nusselt-

Number Nux are determined with the length x, which is the arc length from the point of immersion or 

emersion to the certain position, by  

𝑅 𝑥 =  
𝜚∙𝑢∙𝑥

𝜂
(2)  

and  

Nux  =  
 𝑥 ∙ 𝑥

𝑘
. (3) 

The local surface-specific heat transfer coefficient  𝑥 can be calculated by rearranging Equation (3). 

Expression (1) is also valid for a rotating cylinder, which is used in [12] for experimental validation. 

The critical Reynolds-Number in the given case is 5∙105, which is not exceeded within the experimental 

data for the validation. 

2.2 Surface-specific heat transfer coefficient at the annular gap within the cylinder 

At the inner side of the rotating drum, a HTF passes through an annular gap, as illustrated in Figure 1 

and Figure 3. The surface-specific heat transfer coefficient at the inner side of the outer cylinder is 

therefore calculated by an empirical correlation by Gnielinski given in [15]. The Reynolds-Number in 

this case is defined with the hydraulic diameter  

 ℎ =  𝑜 −  𝑖 (4)  

with the inner diameter of the outer tube do and the outer diameter of the inner tube di. The 

surface-specific heat transfer coefficient for water as HTF and the geometrical properties of the rotating 

drum as given in [1] can be determinate to be 4175 W∙m-2∙K-1. In case of an evaporating medium, the 

determination of a surface-specific heat transfer coefficient is highly complex and depends on several 

parameters. Therefore, a generalized value of 15 000 W∙m-2∙K-1 is used in this study. Details for a 

detailed investigation of the surface-specific heat transfer coefficient for a boiling HTF can be found in 

[16]. For the specific properties of water, the data given in [17] are used. 

2.3 Adhering liquid at a surface released from a tub 

The liquid PCM layer which adheres at the surface of the solidified PCM when it is removed from the 

tub can be considered as a classical Landau-Levich Problem. For a plate vertically withdrawn from a 

liquid, the layer thickness sadh of the remaining liquid PCM can be calculated according to Landau and 

Levich [18] by 

𝑠adh = 0,93 ∙ (
𝜂 ∙ 𝑢

𝜎
)

1
6
∙ (
𝜂 ∙ 𝑢

𝜚l ∙ 𝑔
)

1
2
. (5) 

For a rotating drum partially immersed in liquid medium, Gelperin et al. [19] suggest 

𝑠adh,min = 0,94 ∙ (
𝜋 ∙  ∙ 𝑛 ∙ 𝜂

𝜎
)

1
6
(

3 ∙ 𝑛 ∙  ∙ 𝜂

4 ∙ 𝜚l ∙ 𝑔 ∙ (1 −
 dwell
360 )

)

1
2

(6) 

for the calculation of the minimum liquid layer at the uppermost part of the drum, where Θdwell is the 

immersion angle as shown in Figure 3. This is validated numerically by Hasan and Naser [20].  Both 
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equations assume backflow of liquid PCM. Thus, the solidification has to be slow compared to the 

backflow. 

2.4 Quasistationary calculation 

A first estimation of the heat transfer potential of the rotating drum can be done by the so-called 

quasistationary approximation, which is described in [21] and [22], among other. Thereby, the thermal 

capacities of the steel wall and the solidified PCM layer are neglected. Furthermore, the heat transfer 

from the outer surface of the rotating cylinder towards the ambient air is neglected. The surface-specific 

heat flux at any point of the submerged drum that has to be transferred from the point of solidification 

at the boundary of solid and liquid PCM through the solidified PCM and the metal heat exchanger wall 

to the HTF, can be determined by  

�̇�1(𝑡) =
1

𝑠PCM,s(𝑡)

𝑘PCM,s
+
1

𝐾

∙ (𝑇 PCM,m − 𝑇HTF) (7)
  

with 

1

𝐾
=
𝑠wall
𝑘wall

+
1

 HTF
. (8) 

The surface-specific heat flux released by the phase change during solidification of the liquid PCM can 

be calculated by 

 �̇�2(𝑡) = 𝐿𝑃𝐶𝑀 ∙ ϱPCM,s ∙
 𝑠

 𝑡
(9) 

and the surface-specific heat flux resulting from the forced convection due to the overheating of the 

PCM and the moving surface is given by 

�̇�3(𝑡) =  x,PCM ∙ (𝑇PCM,l − 𝑇PCM,m). (10) 

The thermal equilibrium at the solidification boundary shown in Figure 4 is  

�̇�1(𝑡) − �̇�2(𝑡) − �̇�3(𝑡) = 0. (11) 

By rearranging Equation (11) the thermal equilibrium at the solidification boundary results in  

𝑑𝑠

𝑑𝑡
=

𝑘PCM,s∙(𝑇PCM,m−𝑇HTF)

𝐿PCM∙ϱPCM,s∙(s(t)+
𝑘PCM,s

𝐾
)
− 

ℎx,PCM∙(𝑇PCM,l−𝑇PCM,m)

𝐿PCM∙ϱPCM,s
. (12)
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Figure 4: Temperature profile and thermal equilibrium at the solidification point 

for the quasistationary calculation 
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The actual total surface-specific heat flux from the point of solidification towards the HTF is 

�̇�dwell(𝑡) = �̇�1(𝑡) = �̇�2(𝑡) + �̇�3(𝑡) (13) 

which results in 

�̇�dwell(𝑡) = 𝐿PCM ∙ ϱPCM,s ∙
 𝑠

 𝑡
+  x,PCM ∙ (𝑇PCM,l − 𝑇PCM,m) 

=
1

𝑠(𝑡)
𝑘PCM,s

+
1
K

∙ (𝑇PCM,m − 𝑇HTF) (14)
 

It is not possible to integrate Equation (12) analytically exactly, but it can be integrated numerically to 

obtain the time-dependent solidified PCM layer thickness sdwell(t). In this way, the location-specific HTC 

hx,PCM can be implemented as well.  The mean surface-specific heat flux of the submerged surface of the 

drum during the dwell time tdwell can be calculated according to the mean theorem 

�̅̇�dwell(𝑡dwell) =
1

𝑡dwell
∫ �̇�dwell(𝑡)
𝑡dwell

0

∙ dt (15) 

by equitation 

�̅̇�dwell(𝑡dwell) =
1

𝑡dwell
∑ �̇�dwell(𝑡) ∙ dt

𝑡dwell

0

. (16) 

The dwell time tdwell of a rotating surface element is calculated from the rotational speed n and the 

submerged angle Θdwell as shown in Figure 3 by 

𝑡dwell =
 dwell
360°

∙
1

𝑛
. (17) 

The influence of the adhering liquid PCM layer, which solidifies after the surface emerges from the 

liquid PCM, on the heat transfer can also be estimated by the quasistationary calculation. For this 

purpose, the thickness of the liquid PCM layer is estimated according to Equation (6) and its temperature 

is assumed to be the melting temperature of the PCM. Since there is no convective heat transfer anymore, 

Equation (13) is reduced to  

 𝑠

 𝑡
=

𝑘PCM,s ∙ (𝑇PCM,m − 𝑇HTF)

𝐿PCM ∙ ϱPCM,s ∙ (s(t) +
𝑘PCM,s
𝐾 )

(18) 

and the surface-specific heat flux can be calculated by  

�̇�adh(𝑡) = 𝐿PCM ∙ ϱPCM,s ∙
 𝑠

 𝑡
. (19) 

The calculation is terminated when the adhesion layer calculated according to Equation (6) has 

completely solidified. This is given in case 

𝑠adh(𝑡) = 𝑠adh,min. (20) 

In the case that the adhering liquid layer is not completely solidified before it is scraped off, the 

solidification time is calculated by 

𝑡adh =
 adh
360°

∙
1

𝑛
(21) 
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The average surface-specific heat flux density during the solidification of the adhering liquid is 

calculated according to Equation (15) by  

�̅̇�adh(𝑡adh) =
1

𝑡adh
∑ �̇�adh(𝑡) ∙ dt

𝑡adh

0

(22) 

The average heat transfer for the whole rotating drum is calculated by  

�̅̇�total = �̅̇�dwell(𝑡dwell) ∙
𝑡dwell
𝑡total

+ �̅̇�adh(𝑡adh) ∙
𝑡adh
𝑡total

. (23) 

Convective heat transfer from the ambient air to the outer surface of the rotating drum is neglected 

within the quasistationary calculation. No solidification occurs when the HTF temperature is above the 

melting point of the PCM. In this case, the surface-specific heat flux is calculated by 

�̇�(𝑡) =
1

1
 HTF

+
𝑠wall
𝑘wall

+
1

 x,PCM

∙ (𝑇 PCM,l − 𝑇HTF). (24)
 

2.5 Detailed transient numerical investigation 

For a detailed simulation of the heat transfer of the rotating drum, a transient, 1-dimensional numerical 

scheme has been developed. For this purpose, the heat transfer is investigated by a 1-dimensional 

section, which is virtually rotated with the rotating drum by time-varying boundary conditions.  

For the numerical calculation of a solidification problem, several solutions have been developed in the 

past. A good overview of several methods can be found in the work of Alexiades and Solomon [23]. For 

a highly detailed numerical investigation of solidification and melting processes including convection 

within the liquid phase, the enthalpy-porosity method for the energy equations and a discretization 

according to the finite-volume method is well known and widely used, e.g. in [24-28]. This method 

provides excellent results in acceptable simulation time for closed spaces with defined boundary 

conditions. In addition, a so-called mushy-zone, a region with a certain temperature range where the 

phase change occurs, can be implemented. Also, the Finite-Element-Method of Galerkin with a varied 

mesh provides accurate simulation results for solidification and melting behavior of latent heat thermal 

energy storages as shown e.g. in [29, 30]. Compared to the Finite-Volume-Method, this method has 

advantages in complex structures due to the adoptable mesh. 

The main aim of the numerical scheme developed in this work is to have flexible boundary conditions 

that can be easily changed several times during the rotation of the drum. Therefore, a 

Finite-Difference-Method with a varied time step has been chosen, which has been adopted from Baehr 

and Stephan [22]. Since the time step is varied with each iteration, the choice of the Implicit Euler 

Scheme for its discretization guarantees stability. The choose of a transient 1-dimensional scheme is 

sufficient for the simulation of the rotating drum and keeps the simulation simple and the computational 

times low. Natural convection is not considered in the simulation since forced convection dominates the 

heat transfer at the rotating drum. A mathematical verification of the numerical simulation is given in 

Section 0.  

2.5.1 Governing equations 

The temperature profile from the HTF inside the drum to the liquid PCM or ambient air outside the drum 

is shown in  Figure 5. In Table 1, the governing equations for the different sections are shown. The heat 

transfer from the HTF inside the drum to the steel wall of the heat exchanger at (1) is reproduced with 
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a 

convective boundary condition by Equation (25), followed by the partial differential Equation (26) for 

heat conduction within the steel wall (2). At the boundary between the steel wall and the solidified PCM 

(3), the specific heat transfer within the solid PCM and the steel must be constant, reproduced by 

Equation (27). The heat transfer within the solid PCM (4) is also reproduced by the partial differential 

Equation (28) for heat conduction. At the point of solidification (5), two different cases are considered. 

In the case of solidification while the surface is immerged in liquid PCM (5a), the local equilibrium is 

reproduced by Equation (29) analogous to the quasistationary calculation. When adhering liquid PCM 

is considered while the surface is rotating in ambient air, the equilibrium at the solidification point (5b) 

is reproduced by Equation (30), which is composed of the heat transferred by conduction within the 

solidified and liquid adhering PCM and the heat of solidification. The temperature within the adhering 

liquid PCM (6) is therefore given by Equation (31), another partial differential equation for heat 

conduction. The heat transfer to the ambient air (7) is given by a convective boundary condition by 

Equation (32), similar to the heat transfer at the HTF inside the drum. 

 

Table 1: Governing equations for the numerical transient simulation 

Location  Equation 

Convective 

Heat Transfer 

of HTF 

(1) x = 0 −𝑘steel ⋅ (
𝜕𝑇

𝜕𝑥
)
𝑥=0

=  HTF ⋅ (𝑇wall − 𝜗𝑇HTF) (25) 

Heat 

conduction 

steel 

(2) 0 < x < ssteel 
𝜕𝑇

𝜕𝑡
=  steel ⋅

𝜕2𝑇

𝜕𝑥2
(26) 

Transfer Steel-

PCMsolid 
(3) x = ssteel 𝑐p,steel ⋅ 𝜚steel ⋅

∂T

∂t
=
𝑇

𝜕𝑥
(𝑘𝑖 ⋅

∂T

∂x
) (27) 

Heat 

conduction 

PCMsolid 

(4) ssteel < x < s(t) 
𝜕𝑇

𝜕𝑡
=  PCM,s ⋅

𝜕2𝑇

𝜕𝑥2
(28) 

Point of 

Solidification 

(5a) x = s(t) 𝐿PCM ⋅ ϱPCM,s ⋅
ds

dt
+  x,PCM(𝑇PCM,l − 𝑇PCM,m) = 𝑘PCM,s ⋅

∂T

∂x
(29) 

(5b) x = s(t) LPCM ⋅ ϱPCM,s ⋅
ds

dt
+ 𝑘PCM,l ⋅

∂T

∂x
= 𝑘PCM,s ⋅

∂T

∂x
(30) 

Heat 

conduction in 

adhering liquid 

(6) s(t) < x < h0,min 
𝜕𝑇

𝜕𝑡
=  PCM,l ⋅

𝜕2𝑇

𝜕𝑥2
(31) 

Steel PCM,s

T

x
s(t)

TPCM,l

TPCM,m

THTF

HTF

1

2
3

4

PCM,l

5a

Steel PCM,s

T

x
s(t)

Tamb

TPCM,m

THTF

HTF

1

2
3

4

PCM,l

76

Air

5b

Figure 5: Temperature profile of the heat transfer (a) during the submersion of the drum surface in liquid PCM (b) during the 

solidification of adhering liquid PCM while the drum surface is rotating in ambient air 

(a) (b) 
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Convective 

Heat Transfer 

of ambient air 

(7) x = h0,min −𝑘PCM,l ⋅ (
𝜕𝑇

𝜕𝑥
)
𝑥=𝑀

=  x,amb ⋅ (𝑇PCM,l − 𝑇amb) (32) 

 

2.5.2 Discretization of the equations 

The equations shown in Table 1 are discretized by an implicit finite difference method. A varying time 

step is introduced for consideration of the time-varying solidification rate. 

The location-dependent change of temperature is approximated by the symmetric difference quotient of 

first  

𝜕𝑇

𝜕𝑥
=
𝑇𝑖+1
𝑘 − 𝑇𝑖−1

𝑘

2Δ𝑥𝑖
(33) 

and second order 

𝜕2𝑇

𝜕𝑥2
=
𝑇𝑖−1
𝑘 − 2𝑇𝑖

𝑘 + 𝑇𝑖−1
𝑘

Δ𝑥𝑖
2 . (34) 

The time-dependent change of temperature is approximated by the backward difference quotient 

𝜕𝑇

𝜕𝑡
=
𝑇𝑖
𝑘 − 𝑇𝑖

𝑘−1

Δ𝑡
. (35) 

Thus, the heat conduction within the steel wall (2), the solid PCM (4) and the adhering liquid (6) can be 

calculated by 

 𝑖
𝑇𝑖−1
𝑘 − 2𝑇𝑖

𝑘 + 𝑇𝑖+1
𝑘

Δ𝑥𝑖
2 =

𝑇𝑖
𝑘 − 𝑇𝑖

𝑘−1

Δ𝑡
. (36) 

By introducing  

𝑟𝑖 =  𝑖
Δ𝑡

Δ𝑥𝑖
2

(37) 

one gets 

𝑇𝑖
𝑘−1 = −𝑟𝑖 ⋅ 𝑇𝑖−1

𝑘 + (1 + 2𝑟𝑖) ⋅ 𝑇𝑖
𝑘 − 𝑟𝑖 ⋅ 𝑇𝑖+1

𝑘 . (38) 

Since the geometric thickness of the steel wall is large in compared to the geometric thickness of the 

solid and adhering PCM layer, the location-depended step Δx1 within the steel wall can be larger 

compared to the step-size within the solid and liquid PCM layer Δx2 to reduce computation time and 

increase accuracy. Therefore, in the last node of the steel wall i = s, Equation (27) is applied and 

discretized by 

𝑐p,Steel ⋅ 𝜚steel ⋅
𝑇𝑖
𝑘 − 𝑇𝑖

𝑘−1

Δ𝑡
= 𝑘PCM,s ⋅

𝑇𝑖+1
𝑘 − 𝑇𝑖

𝑘

Δ𝑥2
− 𝑘Steel ⋅

𝑇𝑖
𝑘 − 𝑇𝑖−1

𝑘

Δ𝑥1
(39) 

what results in  

𝑇𝑠
𝑘−1 = −𝑅 ⋅

𝑘𝑖+1
Δ𝑥1 ⋅ Δ𝑥2

⋅ 𝑇𝑖+1
𝑘 + (𝑅 (

𝑘𝑖+1
Δ𝑥1 ⋅ Δ𝑥2

+
𝑘𝑖

Δ𝑥1
2) + 1)𝑇𝑖

𝑘 − 𝑅 ⋅
𝑘𝑖

Δ𝑥1
2 ⋅ 𝑇𝑖−1

𝑘 (40) 

with  
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𝑅 =
∆𝑡

𝜚Steel ⋅ 𝑐p,Steel
. (41) 

Defining the node i = 1 as the first node of the steel wall, the convective boundary condition (1) can be 

discretized by  

𝑇0
𝑘 = 𝑇2

𝑘 −
2 ⋅  HTF ⋅ Δ𝑥1

𝑘steel
(𝑇1 − 𝑇HTF). (42) 

When combining (38) and (42), one gets for the first node at i = 1 

𝑇1
𝑘−1 + 2 ⋅ 𝑟𝑖 ⋅ 𝐵𝑖1 ⋅ 𝑇HTF = (1 + 2 ⋅ 𝑟𝑖 ⋅ (1 + 𝐵𝑖1)) ⋅ 𝑇1

𝑘 − 2 ⋅ 𝑟𝑖 ⋅ 𝑇2
𝑘 (43) 

with  

𝐵𝑖1 =
 HTF ⋅ Δ𝑥1
𝑘steel

(44) 

In case of adhering PCM one gets for the last node i = M of the adhering liquid PCM layer accordingly 

𝑇𝑀
𝑘−1 + 2 ⋅ 𝑟𝑖 ⋅ 𝐵𝑖2 ⋅ 𝑇amb

𝑘 = (1 + 2𝑟𝑖 ⋅ (1 + 𝐵𝑖2)) ⋅ 𝑇1
𝑘 − 2 ⋅ 𝑟𝑖 ⋅ 𝑇2

𝑘 (45) 

with  

𝐵𝑖2 =
 x,amb ⋅ Δ𝑥2
𝑘PCM,s

. (46) 

The point of solidification at node i = n is assumed to be an isothermal wall with the temperature of the 

melting point of the PCM. Therefore, Equation (38) for the node i = n-1 is adapted to  

𝑇𝑛−1
𝑘−1 + 𝑟𝑖𝑇𝑛

𝑘 = −𝑟𝑖 ⋅ 𝑇𝑛−2
𝑘 + (1 + 2𝑟𝑖) ⋅ 𝑇𝑛−1

𝑘 (47) 

and in case of adhering liquid PCM the node i=n+1 is adapted accordingly to 

𝑇𝑛+1
𝑘−1 + 𝑟𝑖𝑇𝑛

𝑘 = −𝑟𝑖 ⋅ 𝑇𝑛+2
𝑘 + (1 + 2𝑟𝑖) ⋅ 𝑇𝑛+1

𝑘 (48) 

with  

𝑇𝑛
𝑘 = 𝑇𝑛

𝑘−1 = 𝑇𝑚. (49) 

To reproduce the solidification, the isothermal boundary condition at i = n is moving within the mesh 

with every iteration step. The time of an iteration step Δ𝑡 is calculated from Equation (29) in case of 

solidification within the liquid PCM by 

Δ𝑡 =
 PCM ⋅ ϱ ⋅ Δx

𝑘PCM,s ⋅
𝑇𝑛
𝑘−1 − 𝑇𝑛−1

𝑘−1

Δ𝑥2
−  x,PCM ⋅ (𝑇PCM,l − 𝑇PCM,m)

(50)
 

and in case of adhering liquid PCM by  

Δ𝑡 =
 PCM ⋅ ϱ ⋅ Δx

𝑘PCM,s ⋅
𝑇𝑛
𝑘−1 − 𝑇𝑛−1

𝑘−1

Δ𝑥2
− 𝑘PCM,l ⋅

𝑇𝑛+1
𝑘−1 − 𝑇𝑛

𝑘−1

Δ𝑥2

. (51)
 

Equation (38), (40), (43), (45), (47) and (48) results in a system of linear dependent equations. They 

can be summarized by  

�̿�𝐤 ⋅ �⃗⃗� 𝒌 = �⃗⃗� 𝒌−𝟏 + �⃗⃗�  
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with the vectors of the temperature in the previous �⃗⃗� 𝒌−𝟏 and current �⃗⃗� 𝒌 time step, the boundary 

conditions within vector �⃗⃗�  and a sparse band matrix �̿�𝐤. The Matlab® routine mldivide is used for 

solving the linear system.  

2.6 Material Properties 

For the validation of the introduced models the experimental data published in [1] are used. Therefore, 

the material properties of decanoic acid are required which are given in Table 2. An analysis of the 

sensitivity of the materials properties, discussed in section 3.5, shows that the density of the solid phase, 

the phase change enthalpy, the thermal conductivity of the PCM and the viscosity of the liquid PCM 

have an important influence of both, the transferred heat as well as the thickness of the solidified PCM 

layer. Therefore, these properties are measured within this research. The phase change enthalpy is 

measured by differential scanning colometry, the thermal conductivity is measured by a parallel-plate 

thermal conductivity apparatus, the density is determined by measuring the displacement of water and 

the viscosity is measured by a rheometer. The results are given in Table 2 as well. For the calculation 

and discussion of a high temperature heat exchanger for latent heat storage using sodium nitrate as PCM, 

the material properties given in Table 3 are used. As the material properties closely to their melting 

temperature influences the calculation the most, the temperature dependence of the materials is 

neglected and values close to the melting point are selected. 

 

 

Table 2: Thermophysical properties of decanoic acid 

Description Variable Value Unit Remark Source 

Melting point TPCM,m 31.5 °C  [31] 

Phase change enthalpy LPCM 164.1 kJ∙kg-1  measured 

Thermal conductivity, liquid kPCM,l 0.149 W∙m-1∙K-1 (at 40 °C) [31] 

Thermal conductivity, solid kPCM,s 0.1763 W∙m-1∙K-1 (at 17.5 °C) measured 

Density, liquid ϱPCM,l 886.3 kg∙m-3 (at 37.8 °C) [32] 

Density, solid ϱPCM,s 916 kg∙m-3 (at 21 °C) measured 

Viscosity ηPCM,l 0.0073 Pa·s (at 34 °C) measured 

Heat capacity, liquid cp,PCM,l 2.0883 kJ∙kg-1∙K-1 (at 35-65°C) [33] 

Heat capacity, solid cp,PCM,s 2.0967 kJ∙kg-1∙K-1 (at 0-24 °C) [33] 

Surface tension σPCM,l 0.0277 N∙m-1 (at 31.9 °C) [34] 

 

Table 3: Thermophysical properties of sodium nitrate 

Description Variable Value Unit Remark Source 

Melting point TPCM,m 306 °C  [3]  

Phase change enthalpy LPCM 178 kJ∙kg-1  [3] 

Thermal conductivity, liquid kPCM,l 0.514 W∙m-1∙K-1 at 317 °C [35] 

Thermal conductivity, solid kPCM,s 0.73 W∙m-1∙K-1 at 246 °C [3]  

Density, liquid ϱPCM,l 1908 kg∙m-3 at 306 °C [36] 

Density, solid ϱPCM,s 2113 kg∙m-3 at 306 °C [36] 

Viscosity ηPCM,l 0.002854 Pa·s at 317°C [37]  

Heat capacity, liquid cp,PCM,l 1.655 kJ∙kg-1∙K-1 at 306 °C [3]  

Heat capacity, solid cp,PCM,s 1.384 kJ∙kg-1∙K-1 at 150 °C [3]  

Surface tension σPCM,l 0.1196 N∙m-1 at 316 °C [38] 
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2.7 Verification of the models 

There is no analytically exact solution for the calculation of the given solidification problem. Therefore, 

the mathematical problem is reduced to certain boundary conditions for verification. The analytical 

solution of Stefan, first presented in [39] and described in detail in [22], can be used to verify the 

numerical scheme and the quasistationary calculation when reducing the problem to solidification of a 

liquid PCM at melting temperature on an isothermal wall with a temperature below the melting 

temperature. The Neumann-Solution described in [40] is used for the verification of the solidification 

process of the adherent liquid after the surface is removed from the PCM-tub. Again, convective heat 

transfer inside the drum and heat conduction inside the steel wall are neglected to assume an isothermal 

solidification wall. The time-dependent heat transferred at the isothermal wall and the thickness of the 

solidified PCM layer are given in Figure 4. The assumed temperature difference between the isothermal 

wall and the melting temperature of the PCM is 10 K for decanoic acid and 100 K for sodium nitrate in 

the Stefan-Solution. For the Neumann-Solution, an additional temperature difference between the 

melting point and the liquid PCM of 10 K for decanoic acid and 100 K for sodium nitrate is assumed, 

resulting in a total temperature difference of 20 K and 200 K, respectively. The difference in solidified 

layer thickness and transferred heat between the numerical solutions and the exact solutions is less than 

0.05 %, which verifies the numerical simulation. The quasistationary solution overestimates both the 

layer thickness and the heat transfer, and the deviations of the calculated layer thickness and heat transfer 

are equal in percentage. The deviation is 2 % for the calculation with decanoic acid and 11 % for the 

calculation with sodium nitrate. In the case of complete heat transfer from the inner HTF to the liquid 

PCM with a temperature above the melting point of the PCM and a constant outer convective heat 

transfer coefficient, the thickness of the solidified PCM layer and the heat flux takes constant values 

when viewed for a long period of time. In this case, the steady-state solutions of the numerical simulation 

and the quasistationary calculations must be identical after a long period of time, which is the case for 

the presented numerical model. For an estimation of the error due to the use of axial coordinates instead 

of cylindrical coordinates, no analytically exact solutions could be identified by the authors. For radial 

coordinates, analytically exact solutions are identified only for point and line heat sources, which are 

not applicable to the current problem. When reducing the problem to a solidification process on an 

isothermal wall, the ratio between the radius of the inner isothermal wall and the radius of the outer 

solidification front is 0.989, assuming a layer thickness of 1 mm. Since this ratio is close to 1, 

corresponding to a flat wall, the influence of the axial coordinates can be neglected. The overall ratio  
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Figure 6: Verification of the models (a) for decanoic acid with a temperature difference of 10 K between the HTF and the 

melting point and further 10 K between the melting point and liquid PCM (b) for sodium nitrate with a temperature difference 

of 100 K between the HTF and the melting point and further 100 K between the melting point and liquid PCM 

(a) (b) 
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between the inner radius passed by the HTF and the outer radius where solidification occurs is 0.935, 

assuming a layer thickness of the solidified PCM of 1 mm. Here, the error due to the use of axial 

coordinates instead of cylindrical coordinates can by estimated by comparing the presented 

quasistationary solution with the quasistationary solution using cylindrical coordinates, also presented 

in [22]. The deviation of both, the solidified layer thickness as well as the heat flux is below 1 % at 

rotational speeds below 4 min-1 and is rising up to 4 % at 35 min-1.  

3 Comparison of the models with experimental data 

In this section, the data calculated with the introduced models are compared with the experimental data 

from [1] and later discussed in section 3.5. Both temperature differences, the difference between the 

temperature of the HTF inside the rotating drum and the melting point of the PCM (Tm,PCM-THTF) and 

the temperature difference between the melting point of the PCM and the temperature of the liquid PCM 

(Tl,PCM-Tm,PCM) affect the heat transfer. These both temperature differences are also illustrated in Figure 

4 and Figure 5(a). The temperature setting of the presented data are given together with the total 

temperature difference between the temperature of the HTF and the temperature of the liquid PCM as 

shown in Figure 7. 

 

3.1 Thickness of the adhering layer  

The thickness of the adhesive layer given in [1] is calculated from the measured layer thicknesses with 

and without adhesion. At rotational speeds above 12 min-1, the measured adhesive layer was not 

completely solidified when scraped off the drum and was therefore not measured in detail. Therefore, 

only values up to 12 min-1 are compared.  The calculation according to Landau-Levich (Equation (5)) 

overestimates the adhesion layer thickness by 139 % on average. If the measured values are compared 

with the values calculated according to Gelperin (Equation (6)), the average deviation is 39 %. 
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Figure 7: Nomenclature of the temperature setting 
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Figure 8: Measured and calculated adhesion layer thicknesses 
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3.2 Convective heat transfer without solidification 

In case of a HTF temperature inside the rotating drum above the melting temperature of the PCM, no 

solidification occurs. Convection of the liquid PCM on the rotating drum wall is dominates the heat 

transfer in this case. Figure 9 compares the measured heat transfer without adhesion with the calculated 

heat transfers of the numerical simulation and the quasistationary calculation. While the quasistationary 

calculation underestimates the heat transfer by 37 % on average, the numerical simulation reproduces 

the measured values above a rotational speed of 4 min-1 with an underestimation of 8 % on average. At 

low rotational speeds below 4 min-1, the experimental values exceed the numerically calculated values 

by 36 % on average. When adhering liquid PCM is included, the increase in the heat transfer at 

increasing rotational speeds is more linear compared to the values without adhesion. This is also 

reproduced by the numerical simulation shown in  Figure 10. While the numerical simulation reproduces 

the measured value for rotational speeds above 4 min-1 with an average deviation of 11 %, the measured 

values below 4 min-1 are underestimated by 31 % on average. No quasistationary calculations are 

available for the case of convective heat transfer with adhesion, since the heat capacity of the adhering 

liquid PCM layer is neglected by the quasistationary calculation. 
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Figure 9: Comparison of the measured convective heat transfer without solidification and without adhesion at the rotating drum 

(a) with the numerical simulation (b) with the quasistationary calculation 
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(b) 

3.3 Heat transfer with solidification 

If the adhering liquid layer is removed by a rubber lip shortly after the surface emerges from the liquid 

PCM, the solidification of the PCM is limited to the immersed surface only. The convective heat transfer 

from the outer solidified PCM layer to the ambient air is only considered in the numerical simulation, 

but neglected in the quasistationary calculation. Figure 11 compares the experimental data with the 

calculated values. The quasistationary calculation underestimates the experimental data by 30 % on 

average. Focusing on the values with a temperature difference of 5 K between the temperature of the 

HTF inside the drum and the melting temperature of the PCM, it is noticeable that the increase in heat 

flux due to an increase in the temperature difference between the melting temperature of the PCM and 

the temperature of the liquid PCM is similar in absolute values. The numerical simulation reproduces 

the experimental data on average with a deviation of 17 %. While the deviation for the temperature 

setting of 15K/5K/10K is below 15 %, the numerical simulation underestimates the experimental values 

of the temperature setting of 20K/10K/10K by 18 % on average. Similar to purely convective heat 

transfer, the simulation reproduces the heat transfer at rotational speeds above 4 min-1 with a deviation 

of 11 %, while the deviation is 22 % on average at rotational speeds below 4 min-1. 
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Figure 11: Comparison of the measured heat transfer during solidification and without adhesion at the rotating drum (a) with 

the numerical simulation (b) with the quasistationary calculation 

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

2.0

 Experimental Data, 15K/5K/10K, w/ Adh.

 Experimental Data, 20K/5K/15K, w/ Adh.

 Experimental Data, 30K/5K/25K, w/ Adh.

 Experimental Data, 20K/10K/10K, w/ Adh.

 Numerical Simulation, 15K/5K/10K, w/ Adh.

 Numerical Simulation, 20K/5K/15K, w/ Adh.

 Numerical Simulation, 30K/5K/25K, w/ Adh.

 Numerical Simulation, 20K/10K/10K, w/ Adh.

Rotational Speed [min-1]

H
e

a
t 
T

ra
n

s
fe

r 
[W

]

0 4 8 12 16 20 24

0.0

0.5

1.0

1.5

2.0

 Experimental Data, 15K/5K/10K, w/ Adh.

 Experimental Data, 20K/5K/15K, w/ Adh.

 Experimental Data, 30K/5K/25K, w/ Adh.

 Experimental Data, 20K/10K/10K, w/ Adh.

 Quasistationary Calculation, 15K/5K/10K, w/ Adh.

 Quasistationary Calculation, 20K/5K/15K, w/ Adh.

 Quasistationary Calculation, 30K/5K/25K, w/ Adh.

 Quasistationary Calculation, 20K/10K/10K, w/ Adh.

Rotational Speed [min-1]

H
e

a
t 
T

ra
n

s
fe

r 
[W

]

Figure 12: Comparison of the measured heat transfer during solidification with adhesion at the rotating drum (a) with the 

numerical simulation (b) with the quasistationary calculation 
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If the adhering layer of liquid PCM is not removed by a rubber lip, the adhering layer of liquid PCM 

solidify after the surface has left the liquid PCM. This increases the surface where solidification takes 

place and thus increases the effective heat flux. Figure 12 shows the calculated and the experimental 

data. The data of the numerical simulation and the quasistationary calculation show an almost linear 

growth of the heat flux with increasing rotational speeds up to a significant point where the growth 

flattens out. At this point, the adhering layer is not yet fully solidified when it reaches the scraper. At a 

temperature difference of 5 K between the temperature of the HTF and the melting point of the PCM 

the point of flattening calculated by the numerical simulation is at a rotational speed of 11 min-1, while 

the quasistationary calculation determinates the point of flattening at 14 min-1. The point of flattening is 

more significant in the data of the quasistationary calculation. For the temperature configuration 

20K/10K/10K, the point of flattening is above the range shown. The quasistationary calculation 

underestimates the experimental data by 37 % on average. Contrary to the results of the heat flux without 

adhesion, the increase of the heat flux due to the increase of the temperature of the liquid PCM is not 

reproduced by the quasistationary calculation. The numerical simulation reproduces the experimental 

data with an accuracy of 14 % on average. Again, the deviation is 6 % on average at rotational speeds 

above 4 min-1 while the deviation is 20 % for rotational speeds below 4 min-1. 

3.4 Thicknesses of the solidified PCM layer 

The calculation methods presented can also be used to calculate the solidified layer thickness at the 

rotating drum. The results of the calculations are compared with the measured values in  Figure 13  for 

the case with adhesion and in Figure 14 for the case without adhesion. The layer thickness is reproduced 

qualitatively correct by both calculation approaches. In the case of adhering liquid PCM, as already 

mentioned in section 3.1, the layer was not completely solidified when reaching the scraper at high 

rotational speeds. This can be seen in the experimental data and is also reproduced by the models. At a 

temperature difference of 5 K between the HTF and the melting point of the PCM, the significant bend 

in the layer thickness is found in the experimental data at a rotational speed of 12 min-1, which is 

reproduced by the transient numerical simulation correctly. The data calculated by the quasistationary 

approach shows this bend at a rotational speed of 16 min-1. In case of a temperature difference of 10 K 

between the HTF and the melting temperature of the PCM, the experimentally measured layer thickness 

is reproduced by the transient numerical simulation with a deviation of 6 % on average and is 

underestimated by the quasistationary calculation by 12 % on average. The experimentally measured 

layer thickness at a temperature difference of 5 K between the HTF and the melting temperature of the 

PCM is underestimated by both calculation methods. While the transient numerical simulation 

underestimates the measured values by 110 % on average, the quasistationary calculation 

underestimates the measured values by 71 % on average. The deviation of the calculation from the 

experimental data is higher with an increased temperature difference between the melting temperature 

of the PCM and the temperature of the liquid PCM. Thus, the average deviation of the calculated data 

obtained by the numerical simulation is increased from 59 % to 178 % when the temperature difference 

between the melting temperature of the PCM and the temperature of the liquid PCM is increased from 

10 K to 25 K, with a common temperature difference of 5 K between the HTF and the melting point of 

the PCM. 
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3.5 Discussion of the deviations and the influence of the material properties 

When comparing the deviation of the heat flux calculated by the quasistationary calculation and the 

transient numerical simulation, the results of the quasistationary calculation are always and on average 

22 % lower instead of the data calculated by the numerical simulation. Since the quasistationary 

calculation shows a slightly increased heat flux of 2 % on average in the verification (Section 0), this 

may be unexpected. To explanation this behaviour, the unsteady effects during the rotation of the 

one-dimensional solidification line have to be considered. So, the solidified layer grows when immersed 

in liquid PCM, while the temperature inside the solidified PCM layer and the steel wall is almost 

constant due to the isothermal solidification front. The same behaviour continues when adhering PCM 

solidifies but the temperature of the liquid adhering layer decreases. When the adhesion layer is 

completely solidified, the temperature inside the steel wall and the solidified PCM layer decreases since 

there is still a temperature difference to the temperature of the inner HTF. This is also continued within 

the steel wall after the solidified PCM layer is scraped off. At the point of immersion, the steel wall 

heats up, resulting in increased heat transfer and an increased growth rate of the PCM layer. 

The results of the calculation of the adhesive layer thickness presented in Section 3.1 show that the 

backflow of liquid adherent PCM has to be considered, which agrees with visual observations during 
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Figure 13: Comparison of the measured layer thicknesses with adhesion at the rotating drum (a) with the numerical simulation 

(b) with the Quasi-Steady calculation 
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Figure 14: Comparison of the measured layer thicknesses without adhesion at the rotating drum (a) with the numerical 

simulation (b) with the Quasi-Steady calculation 
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(b) 

the experiments. Contrary to this, the simulation tool assumes a constant thickness of the adhesion layer 

thickness in which only heat conduction is considered. Since the backflow of the adhering liquid PCM 

is only gravimetrically driven and therefore assumed to be laminar, the assumption of radial heat 

conduction is correct in a first approximation. Nevertheless, the thickness of the adhering liquid PCM 

layer is underestimated on average by the numerical simulation. This results in faster cool-out of the 

adhering layer, which can be a reason for the overestimation of the solidified layer thickness in the 

numerical simulation. The change of the boundary condition at the point of emersion leads to a slight 

local reduction of the solidified layer thickness due to melting. While a convective boundary condition 

is assumed within the liquid PCM, this is immediately changed to adhering liquid PCM with uniform 

temperature at the point of emersion. At this moment, the high temperature gradient at the solidification 

point leads to a reduction of the layer thickness, followed by further solidification after the adhering 

liquid PCM layer is cooled down.  

For rotational speeds below 2 min-1, the numerical simulation underestimates the experimental data of 

the heat transfer more compared to higher rotational speeds. In the same way, the layer thickness 

determinate by the numerical simulation overestimates the experimental data in this range. This is 

assumed to be an effect of natural convection within the liquid PCM, which exceeds the forced 

convection at these rotational speeds. Natural convection is not considered in the current models. The 

research shows the limitations of neglecting natural convection, which becomes dominant for low 

rotational speeds. The experimental data of fully immersed rotating cylinders given in [8] supports this 

assumption.  

The heat transfer and layer thicknesses are affected by several geometrical and material-specific 

properties. Especially the material-specific properties of the PCM used are essential and difficult to 

determine due to the proximity of the melting point. Figure 15 shows the effect of a change in key 

properties on heat transfer and the layer thickness. One can see a high influence of the density and the 

phase change enthalpy of the PCM, followed by the thermal conductivity and the viscosity of the PCM. 

The temperatures of the rotating drum, namely the temperature of the HTF, the melting temperature of 

the PCM, the ambient temperature and the temperature of the liquid PCM, also have an influence on the  
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Figure 15: Sensitivity of the material properties and heat transfer coefficients (a) on the heat flux (b) on the layer thickness 
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heat transfer and the layer thickness. The influence of a change in these temperatures is shown 

correspondingly in Figure 16. A change in the ambient temperature and the temperature of the liquid 

PCM has comparatively little effect on the heat transfer and the layer thickness, while the influence of 

a change in the HTF temperature and the melting point of the PCM is much higher. For the melting 

temperature, which is considered to be 31.5 °C in this work, values between 30.1 °C [41] and 32.15°C 

[42] can be identified in the literature. Furthermore, both calculation tools introduced assume a sharp 

melting point without supercooling. 

4 Potential of the rotating drum heat exchanger using a high-temperature PCM 

With the introduced numerical simulation, a heat exchanger based on the rotating drum can be calculated 

for the generation of steam. Thereby, sodium nitrate (NaNO3), whose melting point is 306°C, is assumed 

to be the PCM, while the geometrical properties of the rotating drum presented in [1] remain unchanged. 

The evaporation of the HTF inside the drum significantly increases the internal surface-specific heat 

transfer coefficient as mentioned in Section 2.2. The use of a high temperature PCM allows an increased 

temperature difference between both the melting point of the PCM and the evaporating HTF and 

between the melting point of the PCM and the liquid PCM. The resulting surface-specific heat flux 

based on the entire surface of the drum is shown in Figure 17. It is increased for higher temperature 

differences and for higher rotational speeds and is exceeding 400 kW∙m-2 for a total temperature 

difference of 160 K and a rotational speed of 150 min-1. For a comparison of the heat transfer potential 

of different heat transfer techniques, the coefficient of heat transfer in W∙m-2∙K-1 is given in Figure 18.  

The coefficient of heat transfer is strongly nonlinear for different rotational speeds and temperature 

differences. The nonlinear behavior is mainly based on the nonlinearity of the solidification process. At 

low temperature differences the coefficient of heat transfer is highest reaching values higher than 

5000 W∙m-2∙K-1. With increasing temperature difference, the coefficient of heat transfer decreases 

regressively. At a temperature difference of 150 K, the coefficient of heat transfer is still exceeding 

3000 W∙m-2∙K-1. Compared to values of typical evaporators, which range from 900 Wm-2∙K-1 to 

3000 W∙m-2∙K-1 [43], the rotating drum is competitive, considering that the authors of the study did not 

perform any optimization with respect to the geometrical characteristics and the design of the rotating 

drum within the scope of this study. While the high surface-specific heat fluxes at increased temperature 

differences are well suited for the generation of process steam with high power density, the high 

coefficients of heat transfer at low temperature differences illustrates the high potential for exergetically 

efficient heat transfer. 

  

0 50 100 150 200 250 300

0

1x105

2x105

3x105

4x105

5x105

 15K/5K/10K

 20K/10K/10K

 60K/50K/10K

 110K/100K/10K

 160K/150K/10K

Rotational Speed [min-1]

H
e
a
t 
T

ra
n
s
fe

r 
[W

∙m
-2

]

Figure 17: Heat transfer from the liquid PCM to the 

HTF at the rotating drum 
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liquid PCM to the HTC at the rotating drum 
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5 Summary and Outlook 

With the rotating drum heat exchanger, thermal energy from latent heat as well as thermal energy from 

sensible heat can be transferred with high surface-specific heat flux densities. Thereby, a horizontally 

rotating drum is partially immersed in liquid PCM while a HTF passing through the drum is heated up. 

At a HTF temperature below the melting point of the PCM, the PCM is solidified on the outer side of 

the rotating drum. In this case, the solidified PCM layer is removed by a fixed scraper with each rotation. 

At a HTF temperature above the melting point of the PCM, no solidification occurs and the heat transfer 

is based on forced convection only. In both cases, liquid PCM adheres to the surface when it is released 

from the tub, which increases the effective heat transfer surface. 

Within this research, two novel calculation approaches for the calculation of the heat transfer as well as 

the layer thickness of the rotating drum heat exchanger are introduced, with the objective of obtaining a 

calculation tool for large-scale high-temperature rotating drum heat exchanger for latent heat storage. 

The first is based on the quasistationary solution of the Stefan-problem. The second is a transient 

numerical simulation based on the Finite-Differences-Method. For both calculation approaches, a 

surface coefficient of heat transfer on the outer side of the rotating drum is required. Since this heat 

transfer problem is similar to a moving surface in a quiescent medium, the correlation of Tsou could be 

identified, which is also verified for partially immersed cylinders. For the thickness of the liquid PCM 

adhering to the solidified surface after the drum surfaces emerge from the liquid PCM, a calculation of 

Landau and Levich could be identified. 

The calculation approaches are verified by mathematically exact solutions. For the validation of the 

calculations, experimental data are available for a temperature difference of up to 10 K between the HTF 

inside the rotating drum and the melting point of the PCM, and a temperature difference of up to 25 K 

between the melting point of the PCM and the liquid PCM. The experiments were performed in 

previously published research on a rotating drum with a diameter of 184 mm at rotational speeds of up 

to 25 min-1 using decanoic acid with a melting temperature of 31.5 K as PCM.  

The transferred heat can be calculated qualitatively correctly with both calculation approaches in the 

case of solidification and in the case of no solidification. Thereby, the transferred heat increases with 

higher rotational speeds. Furthermore, adhering PCM increases the heat transfer. In case of no 

solidification, the heat transfer through the heat exchanger wall is mainly affected by the surface 

coefficient of heat transfer on the outer surface of the rotating drum. When solidification occurs, the 

released phase change enthalpy of the solidifying PCM affects the heat transfer the most. But also, 

increasing the external surface coefficient of heat transfer between the moving solidified PCM layer and 

the liquid PCM increases the heat transfer, while the thickness of the solidified PCM layer decreases in 

this case. The research shows that the correlation of the surface coefficient of heat transfer of the outer 

surface identified for no solidification might also be valid in the case of simultaneous solidification. The 

quasistationary calculation underestimates the heat transfer on average by 37 % in case of no 

solidification and 33 % in case of solidification and is therefore only suitable for a rough calculation of 

a rotating drum heat exchanger. The transient numerical simulation reproduces the heat transfer on 

average with an accuracy of 9 % in case of no solidification and 8 % in case of solidification at rotational 

speeds above 4 min-1. For rotational speeds below 4 min-1, the numerical simulation underestimates the 

experimental data by 24 % on average. For an accurate calculation at low rotational speeds, natural 

convection has to be included into the model.  

Assuming NaNO3 as PCM with a temperature difference of 150 K between an evaporating HTF inside 

the rotating drum and the melting point of the PCM, a surface-specific heat flux density of up to 

500 kW∙m-2 for a rotational speed of 300 min-1 can be assumed based on the numerical simulation. 
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In a next step, the numerical tool will be used for the identification of an optimized design of the rotating 

drum heat exchanger for latent heat thermal energy storage in an industrial-scale application. For the 

validation of the numerical simulation of a high-temperature system, an experimental test rig using a 

high-temperature PCM and direct evaporation within the rotating drum is in planning. 
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