
International Journal of Heat and Mass Transfer 204 (2023) 123834 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Experimental analysis of forced convective heat transfer of nitrate salt 

in a spirally groove d tub e at high Reynolds numb ers and temperatures 

Cathy Frantz 

a , ∗, Reiner Buck 

a , Marc Röger b , Bernhard Hoffschmidt c , d 

a German Aerospace Center (DLR) Stuttgart, Germany 
b German Aerospace Center (DLR) Almeria, Spain 
c German Aerospace Center (DLR), Institute of Solar Research, Germany 
d RWTH Aachen University, Chair of Solar Components, Germany 

a r t i c l e i n f o 

Article history: 

Received 21 October 2022 

Revised 11 December 2022 

Accepted 30 December 2022 

Keywords: 

Forced convective heat transfer 

Nusselt number 

Solar Salt 

Nitrate salt 

Solar receiver 

CSP 

Nuclear 

Spirally grooved tube 

Enhanced tube 

Corrugated tube 

Induction heater 

Measurement setup 

Pressure difference 

a b s t r a c t 

The forced convective heat transfer and pressure difference of molten nitrate salt in a spirally grooved 

tube with a relative groove height e/2r i = 0.017, a relative groove pitch p/2r i = 0.913 and groove angle 

α= 73.8 ° is experimentally investigated using a water-cooled induction heater setup. The data is provided 

for Reynolds numbers ranging between 110 0 0 up to 2850 0 0 and Prandtl numbers from 3.7 to 10. The 

experiments are carried out for bulk salt temperatures ranging between 300 and 550 °C and for heating 

flux densities between 330 and 930 kW/m ². Inner wall temperatures up to 633 °C are achieved with the 

setup, thus providing data on the behavior of the forced convective heat transfer as a function of inner 

wall temperature. The data is compared to the measurement results obtained with the same setup and 

a circular smooth tube as well as correlations and data from the literature in order to deduce relative 

Nusselt numbers and friction factors. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Over the last decades molten nitrate salts have become a 

opular candidate both as a high temperature heat storage and 

eat exchanger fluid because of their relatively high heat capacity, 

ow vapor pressure, low cost and relatively good availability [1] . 

he binary mixture of 60% sodium nitrate (NaNO 3 ) and 40% potas- 

ium nitrate (KNO 3 ) is solid at ambient temperature, nontoxic 

nd non-flammable. It has its melting point at roughly 238 °C 

nd is chemically stable up to roughly 600 °C with ambient air 

s the cover gas [2] . It is commonly applied in concentrating 

olar power (CSP) systems such as solar towers both as a heat 

ransfer and storage medium. The so-called Solar Salt exposes a 

ow thermal conductivity, which minimizes heat losses in thermal 

torage applications. However, the same property leads to low 

orced convective heat transfer coefficients in heat exchangers, 

hich again limits the allowable heat flux through the tubes. 
∗ Corresponding author. 

E-mail address: cathy.frantz@dlr.de (C. Frantz) . 
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n tubular central tower receivers high heat fluxes up to > 1 

W/m ² are desirable to minimize heat exchanger size and thus 

eat exchanger costs [3] . As a consequence, high flow velocities 

re employed in nitrate salt tubular heat exchangers. This com- 

only leads to Reynolds numbers larger than 20 0 ′ 0 0 0 in smooth 

ubes in order to achieve the desired high forced convective 

eat transfers [4] . On the other hand, this practice leads to high 

ressure drops in the heat exchanger and consequently high 

umping costs. One approach to increase the performance of heat 

xchangers, while minimizing pumping costs, is to enhance the 

onvective heat transfer by the usage of passive augmentation 

ethods [ 5 ]. 

Solar Salt is chemically active above temperatures of 400 °C 

ith at first an equilibrium reaction between nitrate and ni- 

rite ions with gaseous oxygen [6] . Above 550 °C, several fur- 

her decomposition reactions of the nitrite ion are known to oc- 

ur [6] . All of them propose the formation of oxide ions to- 

ether with different gaseous species (e.g., NO, NO 2 , O 2 , N 2 ) [7] .

ne concern is that localized decomposition of the nitrate salt 

n the film region with formation of gaseous products would 

https://doi.org/10.1016/j.ijheatmasstransfer.2022.123834
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
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Nomenclature 

c p Specific heat capacity (J/kg/K) 

ρ Density (kg/m ³) 
λ Thermal conductivity (W/(mK)) 

R Universal gas constant (J/(Kmol)) 

Re Reynolds number (-) 

P r Prandtl number at bulk temperature (-) 

Pr t,i Prandtl number at inner tube wall temperature 

( r = r i ) (-) 

N u x , N u m 

(x): Nusselt number at the location x (-); (m): 

Mean Nusselt number over heating section (-) 

T Temperature ( °C) 

˙ m cw 

; ˙ m S Mass flow of cooling water (cw); mass flow 

main fluid solar salt (s) (kg/s) 

U RMS ; I RMS ;ϕ Active voltage (V); active current (A); phase 

shift (rad) 

P Power (W) 

φ Volumetric heating density of the tube (W/m ³) 
˙ q Flux density (W/m ²) 

r i ; r o i: inner radius tube test section; o: outer ra- 

dius tube test section (m) 

t Thickness (m) 

l heat length of heated tube (m) 

V Volume (m ³) 
e, p, α Geometry enhanced tube: e: groove height 

(m), p: groove pitch (m), α: pitch angle ( °) 
f Friction factor 

Subscripts 

s Solar Salt (60 wt-% NaNO 3 , 40 wt-% KNO 3 ) 

t Test tube 

cw Cooling water 

ins Insulation between test tube and induction heater 

i ; o i: property at inner radius tube test section; o: 

property at outer radius tube test section 

x property at axial position along heating section 

in ; out in: property at flow inlet; out: property at flow out- 

let 

a Enhanced tube 

0 Smooth tube 

per Peripheral components 

orm a local gas layer with low thermal conductivity and that 

is layer would negatively impact the convective heat trans- 

er of Solar Salt in heat exchanger tubes. A decrease of con- 

ective heat transfer would then again lead to an increase in 

lm temperatures and would probably entail further accelera- 

ion of the decomposition process. The geometry of enhanced 

ubes do not only cause a local increase of fluid velocity but can 

lso induce wakes and low-speed recirculation zones involving a 

ocal decrease in fluid velocity [8] . This could cause local overheat- 

ng, entail local salt degradation and consequently impact the over- 

ll convective heat transfer. 

However, so far, no experimental research is available about 

he forced convective heat transfer and friction factor behavior 

f molten salt in enhanced tubes for the required high Reynolds 

umbers and temperatures in tubular central tower receivers. Fur- 

hermore, no research has been published on the impact of film 

emperature above the chemical stability limit of Solar Salt on 

he forced convective heat transfer in enhanced tubes. This paper 

resents experimental data of the mean Nusselt number and fric- 

ion factor of Solar Salt in a spirally grooved tube at Re > 10 ′ 0 0 0 up

o film temperatures of 633 °C and compares it to data from the 

iterature. 
2

. State of the art of forced convective heat transfer of 

nhanced tubes 

For today’s engineering practice, sixteen different enhancement 

echniques have been identified [9] . These techniques can be 

roadly classified in passive and active methods. Passive methods 

o enhance the forced convective heat transfer in a tube have been 

mployed in various industrial fields such as desalination or power 

lant condensers and have been widely investigated in the litera- 

ure [10] . Two main passive approaches can be distinguished: 1) 

ethods implying the deformation of the tube (rough surfaces or 

xtended surfaces trough transverse or helical ribs or fins); 2) in- 

ertion of structures into the tube that disturb the fluid flow (dis- 

laced enhancement devices or swirl flow devices, such as twisted 

apes or wire coils) [ 11 ]. The main idea behind these approaches 

s the disturbance of the existing boundary layer, increase of heat 

ransfer area, increased turbulence of the flow or a combination of 

ll three, which leads to an increased heat-transfer performance. 

he most successful technique, mainly because of its effectiveness 

nd simplicity in application, has been augmentation through sur- 

ace roughness [ 11 ]. Here the surface roughness of the tube is in-

reased by forming repeated grooves in the tube. These grooves 

reate a disturbance of the laminar sublayer in the near-wall tur- 

ulent flow and as a consequence increase the forced convective 

eat transfer. The most common groove pattern for large scale pro- 

uction is a helical groove pattern because it allows a continuous 

abrication process through rolling or indenting [ 12 ]. Fig. 1 shows 

he definition of the main geometric parameters groove height 

, groove pitch p and helix angle of groove α. Generally, both 

he Nusselt number and the friction factor increase for decreas- 

ng groove pitch, increasing groove height and higher helix angles. 

f these three factors, the groove height e has the strongest impact 

 12 ]. The groove height affects the separation of the boundary layer 

y vortex and jet generation. The groove pitch restrains the bound- 

ry layer development and thus leads to thinner boundary layers. 

owever, it was observed that for small pitches sluggish and stag- 

ant vortex can occur, which lowers the heat transfer [ 13 ]. Other 

actors, such as groove shape or groove width are found to play a 

inor role in the heat transfer increase [ 14 ]. 

Numerous investigations have been published in the past about 

he heat transfer and friction factor of fluids in enhanced tubes 

 15 ]. As the present experimental results are generated for single- 

hase forced convective flow in a rough surface or corrugated tube 

 10 ], the presented literature is limited to the work performed on 

his type of enhancement. Furthermore, the published work on 

ire coil inserts is included because several authors consider that 

ire coil inserts disturb turbulent flow in an analogous fashion to 

rooved tubes [ 12,16 ]. In a first step an overview over past and

urrent research involving all fluids is given. In a second step the 

vailable research on the enhanced heat transfer using molten salts 

s presented and analyzed in more detail. 

In 1971, Webb et al. published correlations based on experimen- 

al data for transverse grooves [ 17 ], while Gee and Webb presented 

orrelations for helical ribs in 1980 [ 18 ]. In 1982, Li et al. devel-

ped correlations for helical ribs which also include the impact 

f groove pitch length and groove angle [ 19 ]. In 1996, Ravigurura- 

an and Bergles developed general correlations for the friction fac- 

or and heat-transfer coefficient for single-phase turbulent flow of 

ewtonian fluids in internally augmented tubes. They verified their 

orrelations for a wide range of tube parameters with e/2r i = 0.01 

o 0.2; p/2r i = 0.1 to 7.0 and α/90 = 0.3 to 1.0 using experimental

ata from seventeen authors. ( > 1650 datapoints for pressure drop, 

800 data points for heat transfer) The collected experimental data 

as collected for Re numbers ranging between 50 0 0 up to 250,0 0 0

nd Pr ranging between 0.66 up to 37.6. Most of the studies of the 

atabase used water or air as the working fluid. Their deduced cor- 
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Fig. 1. Left: Geometry definition of spirally grooved tube; Right: Specimen of the test tube used in this work. 
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elation predicts 96% of the friction factor database and 99% of the 

usselt number database to within ±50%. 77% of the friction fac- 

or and 69% of the Nusselt number database are predicted within 

20% [ 12 ]. The following two equations show the resulting corre- 

ations for the expected ratios of friction factor f a / f 0 and Nusselt 

umber N u a /N u 0 [ 10 ]: 

f a 

f 0 
= 

{ [
29 . 1 · Re 0 . 67 −0 . 06 ·p/d−0 . 49 ·α/ 90 ·

(
e 

2 r i 

)1 . 37 −0 . 157 ·p/d 

·
(

p 

2 r i 

)−1 . 66 e −6 ·

Nu a 

Nu 0 

= 

{ 

1 + 

[
2 . 64 · Re 0 . 036 

(
e 

2 r i 

)0 . 212 

·
(

p 

2 r i 

)−0 . 21 

·
(

α

90 

)0 . 29 

· Pr −0

Where β is the contact angle in degrees of the roughness pro- 

le relative to the flow direction and is taken as 90 ° (semi-circular 

rofiles [ 12 ]) and n denotes the number of spiral rib starts. 

In 2005, Garcia et al. presented experimentally deduced cor- 

elations for the convective heat transfer and friction factor for 

ow enhancement using wire coil inserts in laminar-transition- 

urbulent regimes for Prandtl numbers ranging between 2.8 and 

50 and Reynolds numbers ranging from 80 to 90,0 0 0. They 

ere able to show, that wire coil inserts maximize their impact 

n transitional flow regimes [ 20 ]. In 2015, Ji et al. published a

eview on the available literature on single-phase heat transfer 

nhancement techniques of liquid laminar and turbulent pipe 

ow [21] . They summarized the work of a total of 13 authors, 

hich have published experimental data on the thermo-hydraulic 

erformance of corrugated tubes for Reynolds numbers ranging 

etween 100 and 10 0,0 0 0 between the years of 1977 and 2015.

he review also contained the work of two authors who evalu- 

ted wire coil inserts. The experimental data was obtained with 

etups using water or oil. The evaluation of the thermo-hydraulic 

erformance was performed following the approach proposed by 

an et al. [22] . Ji et al. summarized that an enhanced heat transfer

f corrugated tubes can regularly be obtained with an identical 

ressure drop. The wire coil inserts in this study showed enhanced 

eat transfer per identical pumping power or identical pressure 

rop. In 2017, Ji et al. performed a detailed review on several types 

f enhancement techniques for laminar and turbulent air flow 

 23 ]. The reviewed data for wire coil inserts included six studies 

or Reynolds numbers ranging between 100 and 45,000. Ji sum- 

arized that heat transfer augmentation ratios through inserts for 

asses are in the range of 2–4 and friction factor increment ratios 

re higher than the heat transfer [ 23 ]. Furthermore, Ji et al. sum-

arized the work of 11 authors who studied the thermo-hydraulic 
t

3 
 ·α/ 90 

·
(

α

90 

)4 . 59 + 4 . 11 e −6 ·Re − 0 . 15 · p 
d · ( 1 + ( 2 . 94 · sinβ) /n ) 

]15 / 16 
} 16 / 15 

(1) 

]7 
} 1 / 7 

(2) 

erformance of different corrugated tubes over a Reynolds number 

anging between 20 0 0 and 10 0,0 0 0. Ji et al. found that an en-

anced heat transfer of corrugated tubes can regularly be obtained 

ith the identical pressure drop and that the heat transfer ratios 

or gasses a very similar to liquid, while pressure drop penalties 

or gasses are considerably higher [ 23 ]. The next paragraphs give 

n overview over the available experimental and simulation data 

n molten salt in corrugated tubes. 

In 2013, Jiangfeng et al. published their results of the con- 

ective heat transfer of the ternary nitrate salt Hitec (NaNO 3 –

aNO 2 –KNO 3 , 7–40–53 wt.%) for salt temperatures ranging be- 

ween 250 and 500 °C and for Reynolds numbers between 10,0 0 0 

nd 30,0 0 0 [ 24 ]. They compared their results of a smooth tube to

hree different transversely grooved tubes ( α/90 = 1) with groove 

eights of e/2r i = 0.038; 0.046 and 0.092 and a relative groove pitch 

/2r i = 0.738. They fitted a correlation to their measurement data, 

hich indicates that the Nusselt number can be increased 1.8 

imes for e/2r i = 0.092. No measurements of the pressure differ- 

nce are published. The same year, Jiangfeng et al. published re- 

ults of the convective heat transfer of the same molten salt for 

eynolds numbers between 50 0 0 and 15,0 0 0 for spirally grooved 

ubes. Their measurement campaign was performed on four dif- 

erent tubes with a pitch angle of 78 °, relative groove pitch of 

/2r i = 0.738 and the following relative groove heights: e/2r i = 0.024, 

.031, 0.038 and 0.048. They found that the measured Nusselt 

umber increases up to 1.4–1.7 times compared to a smooth tube 

or the highest relative groove height [ 25 ]. An updated correlation 

or their measurement data was published by Jiangfeng in 2015 

 26 ]. No pressure difference is published. Also, the same year, Chen 

t al. published their results on enhanced tubes with Hitec salt 

or the Reynolds number range 10,0 0 0–30,0 0 0 [ 27 ]. They analyzed

hree transversally grooved tubes ( α/90 = 1) with a relative groove 

itch ranging between p/2r i = 0.31–1 and relative groove heights 

anging between 0.55 and 0.75. They found that no relevant in- 

rease of the Nusselt number is found for a relative groove pitch 

/2r i = 1. For the two tubes with lower relative tube pitch they fit- 

ed two correlations over their measurement data; these fits lead 
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Fig. 2. Nusselt number ratio (left) and friction factor ratio (right) of different authors [ 24,25,27,28 ] compared to the respective ratios predicted by the general correlation 

[ 10 ]. 

Table 1 

Correlations and geometric specifications from the literature. 

Source Correlation author α/90 e/2r i p/2r i 

Jiangfeng, 

[ 24 ] 
Nu a 

Nu 0 
= 

0 . 0301 Re 0 . 796 · Pr 1 / 3 ( 1 + 

2 e 
d 

) 
3 . 18 

0 . 027 Re 0 . 8 · Pr 1 / 3 

1 0.038 0.738 

1 0.046 0.738 

1 0.092 0.738 

Jiangfeng, 

[ 26 ] 
Nu a 

Nu 0 
= 

0 . 02762 Re 0 . 798 · Pr 1 / 3 ( 1 + 

2 e 
d 

) 
5 . 68 

0 . 027 Re 0 . 8 · Pr 1 / 3 

0.867 0.048 0.738 

0.867 0.038 0.738 

0.867 0.031 0.738 

0.867 0.024 0.738 

Chen, [ 27 ] 
Nu a 

Nu 0 
= 1 ; 

f a 

f 0 
= 

0 . 14 Re −0 . 029 ·Pr 1 / 3 

0 . 13 Re −0 . 028 · Pr 1 / 3 
1 0.047 1.000 

Nu a 

Nu 0 
= 

0 . 03524 Re 0 . 8 · Pr 1 / 3 

0 . 027 Re 0 . 8 · Pr 1 / 3 
; 

f a 

f 0 
= 

0 . 28 Re −0 . 087 

0 . 13 Re −0 . 028 

1 0.034 0.563 

Nu a 

Nu 0 
= 

0 . 03213 Re 0 . 8 · Pr 1 / 3 

0 . 027 Re 0 . 8 · Pr 1 / 3 
; 

f a 

f 0 
= 

0 . 54 Re −0 . 12 

0 . 13 Re −0 . 028 

1 0.034 0.313 

Xiangyang, 

[ 28 ] 

Simulation results 1 0.046 0.819 

1 0.059 0.819 

1 0.072 0.819 
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o an increase of 1.2 to 1.3 times of the Nusselt number relative 

o a smooth tube. They also deduced a general correlation, but 

his correlation does not account for the impact of groove pitch 

n the Nusselt number, so it will not be further considered. They 

lso compared the measured pressure difference of the different 

ubes and fitted correlations for each tube. It can be found that 

he friction factor is increased by a factor of 1.07 to 1.19. Xiangyang 

t al. developed a CFD model for transversely grooved tubes and 

alidated the model using experimental data obtained with the ni- 

rate salt Hitec [ 28 ]. The final simulation studied the heat transfer 

f different transversely grooved tubes ( α/90 = 1) for three relative 

roove heights under non-uniform radiation and deduced a corre- 

ation for the Nusselt number. Furthermore, they varied the groove 

idth p and confirmed that the impact of groove width on the 

usselt number was lower than the impact of the groove height e . 

ig. 2 shows the ratios of Nusselt number (left) and friction factor 

right) deduced by the above-mentioned authors compared to the 

eneral correlations from Ravigururajan. The respective ratios are 

educed using the author correlations (see Table 1 ) compared to 

he Sieder-Tate-correlation [ 29 ]. In this analysis the impact of the 

atio of dynamic viscosity ( μ/μw 

) 0 . 14 | a / ( μ/μw 

) 0 . 14 | s is neglected, 
4 
s its impact is lower than a few percent. It can be observed that 

he general correlations overpredict the measured Nusselt number 

atio by 15% up to 90%. Better agreement is found for the data of 

he relative friction factor of the simulation of Xiangyang et al. The 

riction factor ratio of the experimental data of Chen et al., how- 

ver is overpredicted by a factor 1.7 up to 2.3. 

Based on the available experimental data the following con- 

lusions can be made: general correlations are available for the 

elevant Reynolds number and Prandtl number range. However, 

he available experimental data for molten salts is limited to 

eynolds numbers up to 30,0 0 0. This is considerably lower than 

he Reynolds number used for example in concentrating so- 

ar power (CSP) applications, which are commonly operated at 

eynolds numbers ranging between 10,0 0 0 and more than 20 0,0 0 0 

 4 ]. Also, compared to the experimental data, the general correla- 

ions overpredict the measured Nusselt number ratio of other au- 

hors by up to 90% and the friction factor ratio by up to more than

 factor of two. 

. System description 

The used test setup to experimentally deduce the Nusselt num- 

er and friction factors is shown in Fig. 3 . The heating section is 

esigned using a cylindrical induction heater. 2 × 3 type N ther- 

ocouples measure the main fluid inlet and outlet temperature. 

he heating section is equipped with 32 type N thermocouples, 

hich are welded to the outer tube wall using a micro laser beam 

eld. The cylindrical induction heater is water-cooled during op- 

ration in order to prevent overheating at high loads. The cooling 

ater inlet and outlet temperature is obtained by 2 × 3 type K 

hermocouples. These thermocouples are electrically insulated by a 

luorinated-ethylene-propylene coating. All thermocouples are cal- 

brated using an Ametek ATC650B dry block calibrator. A Hein- 

ichs TMU-010 Coriolis sensor is used to measure the cooling water 

ass flow. The root mean square current of the induction heater is 

easured using a Chauvin-Arnoux MA-200 Rogowski coil, the root 

ean square (RMS) voltage by an R&S RT-ZI10 passive probe. Both 

ignals are monitored and processed using an R&S RTH1002 oscil- 

oscope. The whole test section is insulated using silica fiber wool. 

able 2 summarizes the geometric specifications of the test sec- 

ion. The described test section is implemented into the TESIS:com 

lant in Cologne, Germany (see Figs. 4 and 5 ) [ 30 ]. The TESIS:com

esting facility consists of a hot and a cold molten salt tank, each 

ble to contain 20 t of Solar Salt. The salt can be heated or cooled

o the desired temperature ranging between 290 and 560 °C and 
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Fig. 3. Schematic representation of the main test section. 

Table 2 

Geometric specifications main test section. 

Parameter Value 

Outer diameter tube 2 · r o 26.9 ± 0.3 mm 

Tube wall thickness t t 2 ± 0.2 mm 

Hydrodynamic entrance length 1250 mm 

Heating length l heat 470 mm ±18 mm 

Thickness insulation between induction heater and tube test section t ins 15 mm ±5 mm 

Outer insulation thickness ∼300 mm 

Coil inner diameter 2 · r ind 60 mm 

No of turns per m solenoid heating coil 72 turns/m 

Groove height e 0.4 mm ±0.05 mm 

Pitch length p 20.9 mm ±0.1 mm 

Groove width a 1.8 mm ±0.2 mm 

Pitch angle α 73.8 °
Equivalent diameter spirally grooved tube d H 22.8 mm 

Fig. 4. Test setup. 
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Fig. 5. Experimental system d

5 
an then be pumped with different mass flows through the test 

ection. One E + H Micropilot FMR54 radar level sensor is posi- 

ioned at the top of each salt tank. These sensors are used to de- 

uce the mean mass flow of the salt through the test section. The 

adar sensors are calibrated using a Coriolis sensor and water. The 

ank deformation and the resulting uncertainty at higher temper- 

ture has been simulated using a detailed FEM simulation of the 

ank and the salt. Furthermore, the instantaneous solar salt mass 

ow is measured using three serially placed FLEXIM WI-400 ultra- 

onic clamp-on mass flow sensor. The salt mass flow measurement 

pproach is validated for the use with Solar Salt up to 400 °C using 

 high temperature KROHNE Optimass 6400 Coriolis sensor. A gen- 

rator provides the power for the induction heater. The cooling wa- 

er circuit is cooled using an air to water cooler. The whole setup is 

alidated by a test campaign with water. A more detailed descrip- 

ion of the measurement setup as well as the smooth tube results 
iagram Solar Salt loop. 
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an be found in [ 31 ]. The pressure difference over the test sec-

ion is measured before and after the test section using an E + H 

MP75 pressure transmitter with a diaphragm seal at the salt in- 

et and a Gems Sensors & Controls 3500 series pressure transducer 

ith an air blanket at the salt outlet. 

. Theoretical basis 

.1. Nusselt number 

This subchapter is a shortened repetition of the theoretical ba- 

is described in [ 31 ] added for better readability of this paper. The

ourier law of heat transfer in a cylindrical system is used to de- 

uce the general local stationary heat balance ( Eq. (3) ) [ 32 ]. Two

oundary conditions are applied to this heat balance: Heat losses 

hrough the insulation of the tube to the induction heater (see 

q. (4) ) and convective heat transfer to the molten salt at the inner

ide of the tube ( Eq. (5) ). 

1 

r 

d 

dr 

(
r 

dT t,x 

dr 

)
+ 

φ

λt 
= 0 (3) 

λt · d 

dr 
T t,x ( r ) | r= r o = 

˙ q ins (4) 

λt · d 

dr 
T t,x ( r ) | r= r i = −Nu s,x · λs 

2 r i 
· ( T t,x ( r = r i ) − T s,x ) (5) 

In order not to disturb the inner fluid flow, the tube tempera- 
ure is measured at the location r = r o . In a next step, the temper-
ture at T t ( r = r o ) is inserted and the equation system is solved for
u s,x : 

u s,x = 

4 λt 

[
φ
(
r 2 o − r 2 

i 

)
− 2 r o ̇ q ins 

]
λs ·

[
4 λt ( T t,o,x − T s,x ) + 2 r o ln 

(
r o 
r i 

)
( 2 ̇ q ins − φr o ) + φ

(
r 2 o − r 2 

i 

)] (6) 

All material properties of the salt are evaluated at mean bulk 

alt temperature. The volumetric inductive heating density of the 

ube is defined with φ = P t /V tube . Two measurement approaches 

re used to deduce the power transferred by the induction heater 

o the tube: for the first approach the energy balance about the 

ain fluid flow is set up according to Eq. (7) . This approach will

e referred to as the “calorimetric method”. 

 t,cal = 

˙ m s · c̄ p,s 

(
T̄ s 
)

· ( T s,out − T s,in ) 

+ 

λins 

r o · ln 

(
r ind 

r o 

) · 2 π r o · l heat ·
(
T t,o − T̄ cw 

)
(7) 

Where r ind is the inner radius of the induction heater. For the 

econd approach the energy balance of the cooling water loop 

ombined with the measurement of the active power is used ac- 

ording to Eq. (8) . This approach will be referred to as the “electri-

al method”. 

 t,el = U RMS · I RMS · cos ( ϕ ) − ˙ m CW 

· c̄ p,cw 

(
T̄ cw 

)
· ( T cw,out − T cw,in ) 

+ 

λins 

r o · ln 

(
r ind 

r o 

) · 2 π r o · l heat ·
(
T t,o − T̄ cw 

)
(8) 

Finally, the mean Nusselt number Nu s,m 

is defined as shown in 

q. (9) . 

 u s,m 

= 

∫ l heat 

0 
N u s,x dx 

l heat 

≈ 1 

l heat 

[ 

n x ∑ 

1 

N u s,x · 	x 

] 

(9) 

The Nusselt number ratio is defined as the ratio of the mean 

usselt number of the spirally grooved tube and the mean Nusselt 

umber of the smooth tube N u a, 0 = N u a /N u 0 . 
6 
.2. Friction factor 

The friction factor f of the test section is deduced by re- 

rranging the general correlation for pressure difference of single- 

hase flow in a tube [ 33 ]. 

f = 

( 	p s,t ) · 4 r i 

l t ρs u 

2 
s 

= 

(
	p s,total − 	p per 

)
· 4 π2 · ( r o − t t ) 

5 · ρs 

l t ˙ m 

2 
s 

(10) 

Where 	p total is the measured pressure difference between 

nlet and outlet and 	p per is the pressure difference of all the 

omponents, but the respective test tube in between the pressure 

easurement (static mixer, reducer, other tubing…). l t is the to- 

al length of the test tube, including the hydrodynamic entrance 

ength. The friction factor ratio is defined as the ratio between the 

educed friction factor of the grooved tube f a and the smooth tube 

f 0 . By definition, all geometric parameters can be reduced. 

f a 

f 0 
= 

(
( 	p s,total −	p per ) ·ρs 

˙ m 

2 
s 

)
a (

( 	p s,total −	p per ) ·ρs 

˙ m 

2 
s 

)
0 

(11) 

.3. Reference correlation 

Frantz et al. conducted measurements for a smooth tube us- 

ng the same measurement setup [ 31 ]. They were able to show 

hat the Nusselt numbers predicted using the Gnielinski correla- 

ion predict 97% of their measurement within ±10% deviation. For 

his reason, the Gnielinski correlation Eq. (12) , ( (14) ) will be used 

or comparison of the enhanced tube results with a smooth tube 

 34 ]. Eq. (12) shows the Gnielinski correlation for the mean Nus- 

elt number, Eq. (13) shows the Gnielinski correlation for the Nus- 

elt number at the axial location x [ 33 ]. 

u m,REF = 

ξ/ 8 · Re · P r 

1 + 12 . 7 ·
√ 

ξ/ 8 

(
Pr 2 / 3 − 1 

)[
1 + 

(
2 r i 
l heat 

)2 / 3 
][

P r 

P r t,i 

]0 . 11 

(12) 

u x,REF = 

ξ/ 8 · Re · P r 

1 + 12 . 7 ·
√ 

ξ/ 8 

(
Pr 2 / 3 − 1 

)[
1 + 

1 

3 

(
2 r i 
x 

)2 / 3 
][

P r 

P r t,i 

]0 . 11 

(13) 

= ( 1 . 8 · log 10 Re − 1 . 5 ) 
−2 

(14) 

The thermal entrance length has a relevant impact on the mea- 

ured mean Nusselt number. However, in the measurement setup 

he first few centimeters of the entrance length will not be evalu- 

ted. In order to enable a correct comparison, the mean Nusselt 

umber deduced from the experiments is compared to the ex- 

ected mean Nusselt number over the test section: 

Nu m,REF = 

l heat ∫ 
0 

1 
l heat 

Nu x,REF d x 

= 

Nu m,REF, 0 ... x 0 ︷ ︸︸ ︷ 
x 0 ∫ 
0 

1 

x 0 
Nu x,REF d x + 

Nu m,REF,x 0 ... l heat ︷ ︸︸ ︷ 
l heat ∫ 
x 0 

1 

l heat − x 0 
Nu x,REF d x 

Solving the integral leads to the following reference correlation 

or the mean expected Nusselt number in the test section. 

u m,REF,x 0 ... l heat 
= 

1 

l heat − x 0 

[ 

ξ/ 8 · Re · P r 

1 + 12 . 7 

√ 

ξ/ 8 

(
Pr 2 / 3 − 1 

)[
P r 

P r t,i 

]0 . 11 

[ 
( 2 r i ) 

2 / 3 
(

3 
√ 

l heat − 3 
√ 

x 0 

)
− x 0 + l heat 

] ] 
(15) 



C. Frantz, R. Buck, M. Röger et al. International Journal of Heat and Mass Transfer 204 (2023) 123834 

Table 3 

Overview of correlations used for the thermophysical properties of Solar Salt and the test tube. 

Description Correlation (relative uncertainty, k = 1) 

Specific heat capacity Solar Salt c̄ p,S in J/(kg K): c̄ p,S = 1529 ( ±3.3%) [ 31 ] 

Density Solar Salt ρs in kg/m ³: ρs ( T / ◦C ) = 2118 − 0 . 7185 · (T / ◦C ( ±0.4%) [ 37 ] 

Thermal conductivity Solar Salt λs in W/(m K): λs ( T / ◦C ) = −2 . 2849 · 10 −4 · (T / ◦C + 0 . 54692 ( ±4.2%) [ 38 ] 

Dynamic viscosity Solar Salt ηs in mPa ·s ηs ( T /K ) = 0 . 08703 · exp , ( 
1 , 699 , 0 . 8 , 686 , 

R ·, ( T /, K ) ) [ 39 ] 

Thermal conductivity tube (1.4878) λt in W/(mK) λt ( T / 
◦C ) = 1 . 27551 × 10 −2 · T ( ◦C )14 . 7449 . ( ±4%) [ 31 ] 
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. Thermophysical properties 

The nitrate salt most commonly used in high temperature CSP 

pplications is the near-eutectic binary mixture of sodium nitrate 

nd potassium nitrate (60 wt-% NaNO 3 ; 40 wt-% KNO 3 ). This salt 

s used during the experiments at the TESIS:com plant over a bulk 

alt temperature ranging between 290 °C and 565 °C. The thermo- 

hysical properties of Solar Salt in the literature are subject to rel- 

tively large scattering. It is theorized that this might be associated 

o the chemical activity of Solar Salt above temperatures of roughly 

50 °C or its low surface tension, which leads to so-called “salt 

reeping” and might cause salt mass loss during experiments [ 35 ]. 

or the uncertainty calculations a composition tolerance of ±1 wt- 

 is assumed for Solar Salt. The thermophysical properties of liquid 

ater of the cooling circuit are computed with the reference cor- 

elations published by Harvey et al. [ 36 ]. A detailed description of 

he selection process of the correlations listed in Table 3 can be 

ound in [ 31 ]. 

. Measurement uncertainty 

The combined standard measurement uncertainty is computed 

sing the method of propagation of uncertainty using the defini- 

ions of JCGM 10 0:20 08. For this purpose, the partial derivative of 

ach measured quantity is computed and the overall uncertainty is 

alculated based on the following general definition: σy ( x 1 ,x 2 ... x n ) 
≡

 

( ∂y 
∂x 1 

) 
2 · σ 2 

x 1 
+ . . . + ( ∂y 

∂x n 
) 

2 · σ 2 
x n . More information on the uncer- 

ainty can be found in [ 31 ]. A coverage factor of k = 1 is assumed

or all values cited in this work. The measured mean Nusselt num- 

er uncertainty ranges between 8% and 41% for the calorimetric 

ethod and between 6% and 12% for the electrical method. There- 

ore, mainly the results yielded with the electrical method will be 

resented. The values from the calorimetric method will be used 

or plausibility checks. Table 4 gives an overview over the parame- 

er range as well as their uncertainty. The uncertainty for the elec- 

rical method is dominated by the power measurement P el 
t,el 

, which 

akes up for 45% to 67% of σ el 
Nu m 

. The power measurement uncer- 

ainty is strongly dominated by the uncertainty of the phase an- 

le which accounts for roughly 77% to 89% of σ
P el 

t,el 

, followed by 

he RMS current uncertainty, which accounts for about 10% to 14% 

nd the RMS voltage uncertainty, which covers about 1%. All other 
able 4 

ange of test conditions and overall measurement uncertainty. 

Item Range Uncertainty 

Main flow salt mass flow: ˙ m s 0.56–5.59 kg/s ±2% – ±15% 

Cooling water mass flow: ˙ m cw 0.173–0.174 kg/s ±0.06% 

Solar Salt inlet temperature: T s,in 298–554 °C ±0.2 K 

Solar Salt temperature gradient 	T s 1.3–29.7 K ±0.2 K 

Outer wall temperature T w,o 333–667 °C ±1–9 K 

Cooling water temperature gradient: 	T cw 5–15 K ±0.1 K 

RMS voltage U RMS 266–461 V ±0.2% 

RMS current I RMS 496–841 A ±1% 

Pressure salt inlet p s,i 1.11 - 3.44 bar a ±0.01 bar a 

F

n

l

7 
ontributors to σ
P el 

t,el 

, such as the cooling water mass flow, heat ca- 

acity and temperature gradient ( 	T CW,max = 15 K) as well as ˙ Q ins 

mount to a contribution of less than 1%. The remaining contrib- 

tors to the combined Nusselt number uncertainty σ el 
Nu m 

are the 

hermal conductivity of the tube σλt 
( < 1% to 12%) the tube thick- 

ess t t ( < 1% to 8%) the thermal conductivity of the salt λs (3 < 1%

o 13%), the tube outer wall temperature T t,o (1% to 22%), the heat- 

ng length l heat (12%). and the thermal losses through the insulation 

˙ 
 ins (2–3%). All other parameters ( 	T s , T s,in ) make up for less than

% of the Nusselt number uncertainty σ el 
Nu m 

. The absolute values 

f the friction factors can be deduced with an overall uncertainty 

anging between 14% and 24%. 

. Result and discussion 

.1. Nusselt number 

The forced convective heat transfer of Solar Salt in a spirally 

rooved tube with a relative groove height e/2r i = 0.017, a relative 

roove pitch p/2r i = 0.913 and groove angle α= 73.8 ° is deduced 

or three main bulk salt inlet temperatures: 300 °C, 400 °C and 

50 °C. This leads to bulk Prandtl numbers ranging from 10 to 3.7. 

t each bulk salt temperature up to 5 different mass flows are as- 

essed. This approach leads to Reynolds numbers ranging between 

1,0 0 0 and 285,0 0 0. Three different flux densities are applied for 

ach combination of mass flow and temperature: 330 kW/m ², 
30 kW/m ² and 930 kW/m ². Fig. 6 shows the resulting mean mea- 

ured Nusselt number of the spirally grooved tube for the three 

nvestigated salt bulk temperatures. As generally observed for Nus- 

elt numbers, the Nusselt number increases for higher Reynolds 

umbers and decreases for lower Prandtl numbers. A correlation of 

he form proposed by Sieder-Tate ( Nu m 

= C 0 · Re C 1 · P r C 3 ( μ/μw 

) 0 . 14 
) 

s fitted to the obtained measurement data using a least square al- 

orithm. The resulting correlation is shown by Eq. (16) . For orien- 
ig. 6. Nusselt number of Solar Salt in a grooved tube as a function of Reynolds 

umber and salt temperature ( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10) and values calcu- 

ated with Eq. (16) assuming a constant Prandtl and inner wall temperature. 
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Fig. 7. Deviation of power transferred to tube using the calorimetric and the elec- 

trical method as a function of Re ( Re : 11,0 0 0… 285,0 0 0; Pr: 3.7…10). 

Fig. 8. Measured mean Nusselt number of Solar Salt as a function of mean Nusselt 

number predicted by Gnielinski correlation ( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10). 
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Fig. 9. Measured mean Nusselt number and mean Nusselt number predicted by 

several correlations as a function of the Nusselt number predicted by Eq. (16) . 

( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10). 

Fig. 10. Measured and expected Nusselt number ratio Nu a,0 of two different authors 

as a function of Reynolds number ( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10). 
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ation the fitted mean Nusselt number is shown in Fig. 6 for three 

epresentative salt bulk and inner wall temperatures. 

u m,a = 0 . 0129 · Re 0 . 88 · P r 0 . 38 ( μ/μw 

) 
0 . 14 (16) 

Fig. 7 shows the comparison of the two heat balances as a func- 

ion of Reynolds number. It can be observed that 96% of the exper- 

mental cases show a deviation of less than ±5% of the “calori- 

etric method” – Eq. (7) - compared to the “electrical method” - 

q. (8) . 

Fig. 8 shows the measured mean Nusselt number of the spi- 

ally grooved tube and the mean Nusselt number predicted by the 

nielinski correlation for the smooth tube as a function of the val- 

es predicted by the Gnielinski correlation. The measured Nusselt 

umbers of the spirally grooved tube at Reynolds number smaller 

han 25,0 0 0 are only slightly higher or equal to the values pre-

icted by Gnielinski for the smooth tube. For Reynolds numbers 

anging between 27,0 0 0 up to 285,0 0 0 the measured Nusselt num- 

ers of the enhanced tube are about 20% higher than those ex- 

ected by the Gnielinski correlation for a smooth tube. 

Fig. 9 shows the resulting Nusselt number ratio Nu a,0 for all 

hree bulk salt temperatures as a function of Reynolds number. 

oth graphs show the good agreement between the fitted correla- 

ion and the measurement: the fitted correlation (16) fits 79% of 

he measured values within ±5% and 99% of the measured val- 

es within ±8%. The same figures show the values predicted by 

he general correlation proposed by Ravigururajan et al. [ 10 ]. As 

lso found by other authors, who performed measurements with 
8 
olten nitrate salts in enhanced tubes, the Ravigururajan correla- 

ion seems to overpredict the measured Nusselt numbers by a fac- 

or of 1.2 up to 1.4. This is, however within the uncertainty range 

f ±20% up to ±50% specified by Ravigururajan. Also, as can be 

een in Fig. 10 , the Ravigururajan correlation predicts a continuous 

ncrease of the Nusselt number ratio Nu a,0 with the Re number. 

Nu a,0 increases 0.15 from Re = 25,0 0 0 to 285,0 0 0). This can, given

he present uncertainty of the high Reynolds number results, not 

e validated with the present measurements for Re > 25,0 0 0. 

Finally, Figs. 9 and 10 show the values expected by the gen- 

ral correlation for enhanced tubes proposed by Jiangfeng et al. 

 24 ]. This correlation was validated for Re = 10,0 0 0 - 30,0 0 0, which

oughly corresponds to Nu m 

= 10 0 – 30 0, so the values outside this 

nterval must be considered with care. It can be observed that the 

eneral correlation of Jiangfeng predicts 62% of the measured val- 

es within ±5% and 91% of the measured values within ±10%. The 

eviations to the Jiangfeng correlation are found for Re numbers 

elow 25,0 0 0. This is surprising, as the measurements of Jiangfeng 

ere conducted with a spirally grooved tube which had a simi- 

ar relative pitch angle for this Reynolds number range. However, 

iangfeng et al. used relative groove heights which were 30% larger 

nd lower flux densities ( ∼220 to 240 kW/m ²). On the other hand, 

he relative groove width in the present experiment is 20% larger 

han the dimensions used by Jiangfeng and approaches values 

qual to one. Chen et al. [ 27 ] found that for a relative groove width

qual to one, little to no increase of Nusselt number was observed. 
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Fig. 11. Deviation of measured mean Nu number (spirally grooved tube) from the 

Gnielinski mean Nusselt number (smooth tube) as a function of the inner wall tem- 

perature ( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10). 
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Fig. 12. Pressure difference over test section as a function of salt temperature for a 

smooth and the spirally enhanced tube ( Re : 11,0 0 0…285,0 0 0; Pr: 3.7…10). 
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owever, Chen’s experiments were conducted for a transversally 

rooved tube. Also, it must be noted that both Chen and Jiangfeng 

sed a ternary nitrate salt, which has Prandtl numbers which are 

oughly double the Pr numbers of the present binary nitrate salt. 

urthermore, it could be argued, that the effect might be caused 

y local overheating of the salt. 

Local salt degradation due to local overheating of the tube is 

 concern during the operation of heat exchangers using molten 

alts. This effect was observed by Jiangfeng et al. with the ternary 

itrate salt Hitec [ 24 ]: They measured a rapid decrease of the 

onvective heat transfer as the tube inner wall temperatures ap- 

roached the maximum operation temperature specified by the 

anufacturer. This rapid decrease leads to further overheating of 

he tube and probably would entail further decrease of the heat 

ransfer. Fig. 11 shows the deviation of the measured Nusselt num- 

er of the spirally grooved tube from the Nusselt number predicted 

y the Gnielinski correlation for a smooth tube. From this figure 

o obvious trend of the variation of Nusselt number compared to 

nielinski can be deduced as a function of inner wall temperature 

or T wi = 315 - 633 °C. However, some outliers can be observed; 

hese measurements are obtained at low Reynolds numbers, which 

how a considerable reduction in heat transfer compared to the 

easurements at higher Nusselt numbers, as already seen in the 

revious graphs. 

It can be concluded that inner wall temperatures up to 633 °C 

lone do not lead to a decrease in heat transfer in the present 

xperiment. It must however be pointed out that the systematic 

ecrease in heat transfer towards lower Reynolds numbers could 

e caused by local salt degradation. On the one hand, the salt 

as a higher dwell time in the tube at lower Reynolds numbers 

eaving more time for the gaseous products to form and disturb- 

ng the heat transfer. On the other hand, it could be, that be- 

ide the increase of local fluid velocity through the grooves, the 

rooves might also locally decrease the fluid velocity (for exam- 

le shortly before and after the groove). This could cause local 

verheating beyond the measured inner wall temperatures and 

ntail local salt degradation. The formation of a low conductive 

lm can be excluded, because the low Reynolds number experi- 

ents were repeated at the very beginning and at the end of the 

easurement campaign and yielded the same results. Further re- 

earch is necessary to quantify the observed Nusselt number be- 

avior for Re = 10,0 0 0 to 25,0 0 0 in the spirally grooved tube and

erive its origin with certainty. Furthermore, the present exper- 

ments were only carried out over a duration of a few weeks. 

herefore, it cannot be excluded that long-term operation at high 
9 
lm temperatures would lead to the formation of a low conduc- 

ance surface layer and to a local decrease of thermal conductivity 

f the tube. Further research is required to yield data in long-term 

peration. 

.2. Friction factor 

In order to evaluate the performance enhancement properties 

f the spirally grooved tube, the friction factor ratio needs to eval- 

ated beside the Nusselt number ratio. For this purpose, the pres- 

ure difference over the test section is deduced on one hand for 

he spirally grooved tube and on the other hand for a smooth tube 

sing the same setup in a previous experiment [ 31 ]. Fig. 12 shows

he measured pressure difference of the setup with a smooth tube 

nd the setup with a spirally grooved tube for three bulk salt 

emperatures as a function of bulk flow velocity. It can be ob- 

erved, that the pressure difference increases – as expected – in 

 quadratic fashion with increasing flow velocity. Also, the pres- 

ure difference decreases for higher temperatures, which is mainly 

ue to the lower salt density at higher temperatures. In addition, it 

an be observed that the pressure difference of the spirally grooved 

ube is generally higher than for the smooth tube. It must be 

oted, that the pressure difference suffers from considerable scat- 

ering, for this reason only the measurement data for pressure dif- 

erences greater than 0.3 bar will be evaluated further on. Fig. 13 

hows the resulting friction factors deduced using Eq. (10) . As ex- 

ected, the friction factor decreases for higher Reynolds numbers 

nd the friction factor of the spirally grooved tube is generally 

igher than that of the smooth tube. A power function is fitted to 

he measurement data following the basic form proposed by Bla- 

ius et al. for turbulent flow in a smooth tube [ 33 ] using a least

quare algorithm. Using these fitted functions, the friction factor 

atio can be expressed using the following equation: 

f a / f 0 = 

0 . 7709 · Re −0 . 3022 

0 . 8843 · Re −0 . 3415 
(17) 

It is interesting to point out that it was found, that correla- 

ions which account for roughness of the tube (Prandtl [ 40 ]) lead 

o lower agreement with the measurement data as these correla- 

ions predict a lower temperature-dependency as exposed by the 

easurement data. In this experiment the pressure difference of 

oth the smooth and the enhanced tube are best predicted with 

orrelations typically used for smooth tubes. 



C. Frantz, R. Buck, M. Röger et al. International Journal of Heat and Mass Transfer 204 (2023) 123834 

Fig. 13. Friction factor of the smooth and spirally grooved tube and respective fitted 

power functions as a function of Reynolds number. 

Fig. 14. Friction factor ratio deduced by two approaches from the measurement 

data and by a general correlation as a function of Reynolds number. 
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Fig. 14 shows the resulting friction factor ratio using Eq. (17) as 

ell as the resulting friction factor when directly calculating the 

riction factor ratio using Eq. (11) from measurement data of the 

pirally grooved and smooth tube respectively. As not all mea- 

urements were taken at exactly the same salt temperature and 

eynolds number only the useful pairs are shown. It can be seen, 

hat the measurements achieved with this method ( Eq. (11) ) gen- 

rally agree with the friction factors obtained with Eq. (17) within 

he measurement uncertainty. Furthermore, Fig. 14 shows the pre- 

icted friction factor ratio by the general equation by Ravigurura- 

an et al. [ 10 ] The general correlation overpredicts the measured 

riction factor ratio by a factor of 1.8 to 2.9. This result lies consid-

rably outside the uncertainty band given by Ravigururajan et al. 

f ±50%. The tube investigated in the present study has a groove 

eight more at the lower end of the spectrum investigated by Rav- 

gururajan et al., this might cause the overestimation, as the gen- 

ral correlations were developed to fit a large geometry basis. At 

he same time, the present results are in the same order of magni- 

ude as the deviations measured by Chen et al. [ 27 ]. It must how-

ver be noted, that the measurements conducted by Chen are per- 

ormed using a ternary nitrate salt, with a transversally grooved 

ube. Further research is necessary to understand the origin of this 

eviation. Further research is necessary to understand the causes 

f the deviation and to improve the predictions of pressure drops 

n enhanced tubes. 
10 
onclusion 

This paper experimentally analyses the forced convective heat 

ransfer and pressure difference of the molten nitrate salt “So- 

ar Salt” (60 wt-% NaNO 3 ; 40 wt-% KNO 3 ) in a spirally grooved 

ube at high Reynolds numbers at varying flux densities. In a first 

tep a literature review on the experimentally available data of the 

hermo-hydraulic performance of corrugated tubes is performed. In 

 second step, the available data of corrugated tubes in nitrate salt 

eat exchangers is presented: it is found that the commonly used 

eneral correlations developed by Ravigururajan et al. [ 10 ] overpre- 

ict the experimental results of the Nusselt number of four differ- 

nt authors by 15% up to 90%. In addition, the general correlations 

or the friction factor ratio [ 10 ] overpredict the available experi- 

ental data by a factor of 1.7 up to 2.3. In the present work an

xperimental setup using a water-cooled induction heater is used 

o deduce the Nusselt number and the pressure difference over 

 test tube. The investigated spirally grooved tube has a relative 

roove height of e/2ri = 0.017, a relative groove pitch of p/2ri = 0.913 

nd a groove angle α= 73.8 ° The measurements of the forced con- 

ective heat transfer are undertaken for three main bulk salt inlet 

emperatures: 30 0 °C, 40 0 °C and 550 °C, leading to Prandtl num- 

ers ranging from 10 to 3.7. At each temperature up to 5 different 

ass flows are assessed. This approach leads to Reynolds num- 

ers ranging between 11,0 0 0 and 285,0 0 0. Up to three different

ux densities are applied for each combination of mass flow and 

emperature: 330 kW/m ², 630 kW/m ² and 930 kW/m ². The mea- 

urement results of the spirally grooved tube are compared to pre- 

iously published measurement results using the same measure- 

ent setup with a smooth circular tube. 

The experiments yielding the friction factors shows that the 

eneral correlation of Ravigururajan for the friction factor ratio 

verpredicts the measured friction factor ratio by a factor of 1.8 

o 2.9. This result lies considerably outside the uncertainty band of 

50% given by the authors of the general correlation. At the same 

ime, the present results are in the same order of magnitude as the 

eviations measured by Chen et al. [ 27 ]. Further research is neces- 

ary to understand the origin of this deviation. 

It is found, that for Re above 25,0 0 0, an increase of Nusselt 

umber of roughly 1.19 ±0.14 is observed. However, the deduced 

usselt number ratios of the spirally enhanced tube are consid- 

rably lower than the values predicted by Ravigururajan’s general 

orrelations, but are still within the uncertainty range of ±20% 

p to ±50% specified for the general correlations. The measure- 

ents in the Re number region 11,0 0 0–25,0 0 0 show little to no

ncrease of heat transfer for the spirally grooved tube compared to 

he smooth tube. This is in contradiction with the measurements 

onducted by other authors. Further research is necessary to iden- 

ify the cause for this deviation. 

One general concern with Solar Salt as a heat transfer fluid is 

hat localized decomposition of the nitrate salt occurs in the film 

egion with formation of gaseous products. This could form a lo- 

al gas layer with low thermal conductivity and this layer could 

egatively impact the convective heat transfer of Solar Salt in heat 

xchanger tubes. The geometry of enhanced tubes does not only 

ause a local increase of fluid velocity but can also induce wakes 

nd low-speed recirculation zones involving a local decrease in 

uid velocity [8] . This could cause local overheating, entail local 

alt degradation and consequently impact the overall convective 

eat transfer. For this reason, special focus is put on the impact of 

nner tube wall temperatures larger than 600 °C on the heat trans- 

er. Based on the measurements it can be concluded that inner 

all temperatures up to 633 °C do not lead to a decrease in heat 

ransfer in the present experiment. It must however be pointed 

ut that the systematic decrease in heat transfer towards lower 

eynolds numbers could be caused by local salt degradation. On 
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he one hand, the salt has a higher dwell time in the tube at lower

eynolds numbers leaving more time for gaseous products to form 

nd disturbing the heat transfer. On the other hand, it could be 

hat a local decrease in fluid velocity shortly before and after the 

roove caused local overheating and entailed local salt degradation. 

he formation of a low conductive film on the inner tube wall can 

e excluded, because the low Reynolds number experiments were 

epeated at the very beginning and at the end of the measure- 

ent campaign and yielded the same results. Further research is 

ecessary to quantify the observed Nusselt number behavior for 

e = 10,0 0 0 to 25,0 0 0 in the spirally grooved tube and define its

rigin with certainty. Furthermore, the present experiments were 

nly carried out over a duration of a few weeks. Consequently, it 

annot be excluded that long-term operation at high film temper- 

tures would lead to the formation of a low conductance surface 

ayer and to a local decrease of thermal conductivity of the tube. 

urther research is required to yield data in long-term operation. 
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