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The forced convective heat transfer and pressure difference of molten nitrate salt in a spirally grooved
tube with a relative groove height e/2r;=0.017, a relative groove pitch p/2r; =0.913 and groove angle
«=73.8° is experimentally investigated using a water-cooled induction heater setup. The data is provided
for Reynolds numbers ranging between 11000 up to 285000 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> 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.
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1. Introduction

Over the last decades molten nitrate salts have become a
popular candidate both as a high temperature heat storage and
heat exchanger fluid because of their relatively high heat capacity,
low vapor pressure, low cost and relatively good availability [1].
The binary mixture of 60% sodium nitrate (NaNO3) and 40% potas-
sium nitrate (KNO3) is solid at ambient temperature, nontoxic
and non-flammable. It has its melting point at roughly 238 °C
and is chemically stable up to roughly 600 °C with ambient air
as the cover gas [2]. It is commonly applied in concentrating
solar power (CSP) systems such as solar towers both as a heat
transfer and storage medium. The so-called Solar Salt exposes a
low thermal conductivity, which minimizes heat losses in thermal
storage applications. However, the same property leads to low
forced convective heat transfer coefficients in heat exchangers,
which again limits the allowable heat flux through the tubes.
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In tubular central tower receivers high heat fluxes up to > 1
MW/m? are desirable to minimize heat exchanger size and thus
heat exchanger costs [3]. As a consequence, high flow velocities
are employed in nitrate salt tubular heat exchangers. This com-
monly leads to Reynolds numbers larger than 200’000 in smooth
tubes in order to achieve the desired high forced convective
heat transfers [4]. On the other hand, this practice leads to high
pressure drops in the heat exchanger and consequently high
pumping costs. One approach to increase the performance of heat
exchangers, while minimizing pumping costs, is to enhance the
convective heat transfer by the usage of passive augmentation
methods [5].

Solar Salt is chemically active above temperatures of 400 °C
with at first an equilibrium reaction between nitrate and ni-
trite ions with gaseous oxygen [6]. Above 550 °C, several fur-
ther decomposition reactions of the nitrite ion are known to oc-
cur [6]. All of them propose the formation of oxide ions to-
gether with different gaseous species (e.g., NO, NO,, O,, Ny) [7].
One concern is that localized decomposition of the nitrate salt
in the film region with formation of gaseous products would
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Nomenclature

Cp Specific heat capacity (J/kg/K)

P Density (kg/m?)

A Thermal conductivity (W/(mK))

R Universal gas constant (J/(Kmol))

Re Reynolds number (-)

Pr Prandtl number at bulk temperature (-)

Prg ; Prandtl number at inner tube wall temperature
(r=r;) (-)

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

Mean Nusselt number over heating section (-)

T Temperature ( °C)

Mew; Mg Mass flow of cooling water (cw); mass flow
main fluid solar salt (s) (kg/s)

Urms: Irms; @ Active voltage (V); active current (A); phase
shift (rad)

P Power (W)

1) Volumetric heating density of the tube (W/m?)

q Flux density (W/m?)

Tis To i: inner radius tube test section; o: outer ra-
dius tube test section (m)

t Thickness (m)

lheat length of heated tube (m)

%4 Volume (m?)

e, p, o Geometry enhanced tube: e: groove height
(m), p: groove pitch (m), «: pitch angle (°)

f Friction factor

Subscripts

S Solar Salt (60 wt-% NaNO3, 40 wt-% KNO3)

t Test tube

w 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

b% 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

form a local gas layer with low thermal conductivity and that
his layer would negatively impact the convective heat trans-
fer of Solar Salt in heat exchanger tubes. A decrease of con-
vective heat transfer would then again lead to an increase in
film temperatures and would probably entail further accelera-
tion of the decomposition process. The geometry of enhanced
tubes do not only cause a local increase of fluid velocity but can
also induce wakes and low-speed recirculation zones involving a
local decrease in fluid velocity [8]. This could cause local overheat-
ing, entail local salt degradation and consequently impact the over-
all convective heat transfer.

However, so far, no experimental research is available about
the forced convective heat transfer and friction factor behavior
of molten salt in enhanced tubes for the required high Reynolds
numbers and temperatures in tubular central tower receivers. Fur-
thermore, no research has been published on the impact of film
temperature above the chemical stability limit of Solar Salt on
the forced convective heat transfer in enhanced tubes. This paper
presents experimental data of the mean Nusselt number and fric-
tion factor of Solar Salt in a spirally grooved tube at Re>10'000 up
to film temperatures of 633 °C and compares it to data from the
literature.
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2. State of the art of forced convective heat transfer of
enhanced tubes

For today’s engineering practice, sixteen different enhancement
techniques have been identified [9]. These techniques can be
broadly classified in passive and active methods. Passive methods
to enhance the forced convective heat transfer in a tube have been
employed in various industrial fields such as desalination or power
plant condensers and have been widely investigated in the litera-
ture [10]. Two main passive approaches can be distinguished: 1)
Methods implying the deformation of the tube (rough surfaces or
extended surfaces trough transverse or helical ribs or fins); 2) in-
sertion of structures into the tube that disturb the fluid flow (dis-
placed enhancement devices or swirl flow devices, such as twisted
tapes or wire coils) [11]. The main idea behind these approaches
is the disturbance of the existing boundary layer, increase of heat
transfer area, increased turbulence of the flow or a combination of
all three, which leads to an increased heat-transfer performance.
The most successful technique, mainly because of its effectiveness
and simplicity in application, has been augmentation through sur-
face roughness [11]. Here the surface roughness of the tube is in-
creased by forming repeated grooves in the tube. These grooves
create a disturbance of the laminar sublayer in the near-wall tur-
bulent flow and as a consequence increase the forced convective
heat transfer. The most common groove pattern for large scale pro-
duction is a helical groove pattern because it allows a continuous
fabrication process through rolling or indenting [12]. Fig. 1 shows
the definition of the main geometric parameters groove height
e, groove pitch p and helix angle of groove «. Generally, both
the Nusselt number and the friction factor increase for decreas-
ing groove pitch, increasing groove height and higher helix angles.
Of these three factors, the groove height e has the strongest impact
[12]. The groove height affects the separation of the boundary layer
by vortex and jet generation. The groove pitch restrains the bound-
ary layer development and thus leads to thinner boundary layers.
However, it was observed that for small pitches sluggish and stag-
nant vortex can occur, which lowers the heat transfer [13]. Other
factors, such as groove shape or groove width are found to play a
minor role in the heat transfer increase [14].

Numerous investigations have been published in the past about
the heat transfer and friction factor of fluids in enhanced tubes
[15]. As the present experimental results are generated for single-
phase forced convective flow in a rough surface or corrugated tube
[10], the presented literature is limited to the work performed on
this type of enhancement. Furthermore, the published work on
wire coil inserts is included because several authors consider that
wire coil inserts disturb turbulent flow in an analogous fashion to
grooved tubes [12,16]. In a first step an overview over past and
current research involving all fluids is given. In a second step the
available research on the enhanced heat transfer using molten salts
is presented and analyzed in more detail.

In 1971, Webb et al. published correlations based on experimen-
tal data for transverse grooves [17], while Gee and Webb presented
correlations for helical ribs in 1980 [18]. In 1982, Li et al. devel-
oped correlations for helical ribs which also include the impact
of groove pitch length and groove angle [19]. In 1996, Ravigurura-
jan and Bergles developed general correlations for the friction fac-
tor and heat-transfer coefficient for single-phase turbulent flow of
Newtonian fluids in internally augmented tubes. They verified their
correlations for a wide range of tube parameters with e/2r;=0.01
to 0.2; p/2r;=0.1 to 7.0 and «/90=0.3 to 1.0 using experimental
data from seventeen authors. (>1650 datapoints for pressure drop,
1800 data points for heat transfer) The collected experimental data
was collected for Re numbers ranging between 5000 up to 250,000
and Pr ranging between 0.66 up to 37.6. Most of the studies of the
database 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.

relation predicts 96% of the friction factor database and 99% of the
Nusselt number database to within £50%. 77% of the friction fac-
tor and 69% of the Nusselt number database are predicted within
+20% [12]. The following two equations show the resulting corre-
lations for the expected ratios of friction factor fy/fy and Nusselt
number Nug,/Nug [10]:

fo 2r; 2r;

Where § is the contact angle in degrees of the roughness pro-
file relative to the flow direction and is taken as 90° (semi-circular
profiles [12]) and n denotes the number of spiral rib starts.

In 2005, Garcia et al. presented experimentally deduced cor-
relations for the convective heat transfer and friction factor for
flow enhancement using wire coil inserts in laminar-transition-
turbulent regimes for Prandtl numbers ranging between 2.8 and
150 and Reynolds numbers ranging from 80 to 90,000. They
were able to show, that wire coil inserts maximize their impact
in transitional flow regimes [20]. In 2015, Ji et al. published a
review on the available literature on single-phase heat transfer
enhancement techniques of liquid laminar and turbulent pipe
flow [21]. They summarized the work of a total of 13 authors,
which have published experimental data on the thermo-hydraulic
performance of corrugated tubes for Reynolds numbers ranging
between 100 and 100,000 between the years of 1977 and 2015.
The review also contained the work of two authors who evalu-
ated wire coil inserts. The experimental data was obtained with
setups using water or oil. The evaluation of the thermo-hydraulic
performance was performed following the approach proposed by
Fan et al. [22]. Ji et al. summarized that an enhanced heat transfer
of corrugated tubes can regularly be obtained with an identical
pressure drop. The wire coil inserts in this study showed enhanced
heat transfer per identical pumping power or identical pressure
drop. In 2017, Ji et al. performed a detailed review on several types
of enhancement techniques for laminar and turbulent air flow
[23]. The reviewed data for wire coil inserts included six studies
for Reynolds numbers ranging between 100 and 45,000. Ji sum-
marized that heat transfer augmentation ratios through inserts for
gasses are in the range of 2-4 and friction factor increment ratios
are higher than the heat transfer [23]. Furthermore, Ji et al. sum-
marized the work of 11 authors who studied the thermo-hydraulic

performance of different corrugated tubes over a Reynolds number
ranging between 2000 and 100,000. Ji et al. found that an en-
hanced heat transfer of corrugated tubes can regularly be obtained
with the identical pressure drop and that the heat transfer ratios
for gasses a very similar to liquid, while pressure drop penalties

90

16/15
1.37-0.157-p/d ~1.66e5-Re—0.33-a/90 4.59+4.11e"5-Re —0.15. 2 15/16
fo {[29.1 . Re067-0.06.p/d~0.49.0/90 . (i) ) ( p ) ) ( o ) L+ (2,94.5in,3)/n)i| (1)

1/7

7
Nua _ 0,036 e )04212 < p -0.21 o 0.29 0004
N = 1+|:2.64-Re (27,- : 2?) .(%) Pr 2)

for gasses are considerably higher [23]. The next paragraphs give
an overview over the available experimental and simulation data
on molten salt in corrugated tubes.

In 2013, Jiangfeng et al. published their results of the con-
vective heat transfer of the ternary nitrate salt Hitec (NaNOs;-
NaNO,-KNO3, 7-40-53 wt.%) for salt temperatures ranging be-
tween 250 and 500 °C and for Reynolds numbers between 10,000
and 30,000 [24]. They compared their results of a smooth tube to
three different transversely grooved tubes («/90=1) with groove
heights of e/2r;=0.038; 0.046 and 0.092 and a relative groove pitch
p/2r;=0.738. They fitted a correlation to their measurement data,
which indicates that the Nusselt number can be increased 1.8
times for e/2r;=0.092. No measurements of the pressure differ-
ence are published. The same year, Jiangfeng et al. published re-
sults of the convective heat transfer of the same molten salt for
Reynolds numbers between 5000 and 15,000 for spirally grooved
tubes. Their measurement campaign was performed on four dif-
ferent tubes with a pitch angle of 78°, relative groove pitch of
p/2r;=0.738 and the following relative groove heights: e/2r;=0.024,
0.031, 0.038 and 0.048. They found that the measured Nusselt
number increases up to 1.4-1.7 times compared to a smooth tube
for the highest relative groove height [25]. An updated correlation
for their measurement data was published by Jiangfeng in 2015
[26]. No pressure difference is published. Also, the same year, Chen
et al. published their results on enhanced tubes with Hitec salt
for the Reynolds number range 10,000-30,000 [27]. They analyzed
three transversally grooved tubes («/90=1) with a relative groove
pitch ranging between p/2r;=0.31-1 and relative groove heights
ranging between 0.55 and 0.75. They found that no relevant in-
crease of the Nusselt number is found for a relative groove pitch
p/2r;i=1. For the two tubes with lower relative tube pitch they fit-
ted two correlations over their measurement data; these fits lead



C. Frantz, R. Buck, M. Roger et al.

2.5
2.0 -
% 1.5 ; b X A
k] -0 +
E +200/’<?‘, = A i
1.0 - - +
200
0.5 -
0.5 1.0 1.5 2.0 25
Ratio Nu,/Nu, Ravigururajan
x Jiangfeng [24] + Chen [27] A Xiangyang [28]

O Jiangfeng [25] —Ravigururajan

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

5.5
4.5
.“I =
3.5
o N s A
& 2.5
+
" -20%
0.5 ==
0.5 15 2.5 3.5 4.5 5.5
Ratio f/f, Ravigururajan
+ Chen [27] 4 Xiangyang [28] —Ravigururajan

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 «/90 e/2r; p/2r
Jiangfeng, Ny,  0.0301Re%7% . pri/3(1 4 2)>'® 1 0.038 0.738
[24] Nug ~ 0.027Re%8 . pr1/3 1 0.046 0.738
0.092 0.738
Jiangfeng, Ny,  0.02762Re07%5.priA(14 2)>%  0.867 0.048 0.738
[26] Nug — 0.027Re08 - Prif3 0.867 0.038 0.738
0.867 0.031 0.738
0.867 0.024 0.738
Nug . fa 0.14Re~0:029-Pr'
Chen, 271 {uo =V 1 = 0.13Re-005 pri/3 1 0.047 1.000
Nug  0.03524Re%8 . pri/3
Nie = ~0.007REOE P 1 0.034 0.563
fa _ 0.28Re~007
fo = 0.13Re-00%8
Nu,  0.03213Re%8 . pri/3
N = 0.0Z7ReVF PriA 1 0.034 0313
fa _ 0.54Re012
fo = 0.13Re-0028
Xiangyang, Simulation results 1 0.046 0.819
[28] 1 0.059 0.819
1 0.072 0.819

to an increase of 1.2 to 1.3 times of the Nusselt number relative
to a smooth tube. They also deduced a general correlation, but
this correlation does not account for the impact of groove pitch
on the Nusselt number, so it will not be further considered. They
also compared the measured pressure difference of the different
tubes and fitted correlations for each tube. It can be found that
the friction factor is increased by a factor of 1.07 to 1.19. Xiangyang
et al. developed a CFD model for transversely grooved tubes and
validated the model using experimental data obtained with the ni-
trate salt Hitec [28]. The final simulation studied the heat transfer
of different transversely grooved tubes («/90=1) for three relative
groove heights under non-uniform radiation and deduced a corre-
lation for the Nusselt number. Furthermore, they varied the groove
width p and confirmed that the impact of groove width on the
Nusselt number was lower than the impact of the groove height e.
Fig. 2 shows the ratios of Nusselt number (left) and friction factor
(right) deduced by the above-mentioned authors compared to the
general correlations from Ravigururajan. The respective ratios are
deduced using the author correlations (see Table 1) compared to
the Sieder-Tate-correlation [29]. In this analysis the impact of the
ratio of dynamic viscosity (/»//LW)O‘M|a/(,u/,u\,.,)°‘l4|S is neglected,

as its impact is lower than a few percent. It can be observed that
the general correlations overpredict the measured Nusselt number
ratio by 15% up to 90%. Better agreement is found for the data of
the relative friction factor of the simulation of Xiangyang et al. The
friction factor ratio of the experimental data of Chen et al., how-
ever is overpredicted by a factor 1.7 up to 2.3.

Based on the available experimental data the following con-
clusions can be made: general correlations are available for the
relevant Reynolds number and Prandtl number range. However,
the available experimental data for molten salts is limited to
Reynolds numbers up to 30,000. This is considerably lower than
the Reynolds number used for example in concentrating so-
lar power (CSP) applications, which are commonly operated at
Reynolds numbers ranging between 10,000 and more than 200,000
[4]. Also, compared to the experimental data, the general correla-
tions overpredict the measured Nusselt number ratio of other au-
thors by up to 90% and the friction factor ratio by up to more than
a factor of two.

3. System description

The used test setup to experimentally deduce the Nusselt num-
ber and friction factors is shown in Fig. 3. The heating section is
designed using a cylindrical induction heater. 2 x 3 type N ther-
mocouples measure the main fluid inlet and outlet temperature.
The heating section is equipped with 32 type N thermocouples,
which are welded to the outer tube wall using a micro laser beam
weld. The cylindrical induction heater is water-cooled during op-
eration in order to prevent overheating at high loads. The cooling
water inlet and outlet temperature is obtained by 2 x 3 type K
thermocouples. These thermocouples are electrically insulated by a
Fluorinated-ethylene-propylene coating. All thermocouples are cal-
ibrated using an Ametek ATC650B dry block calibrator. A Hein-
richs TMU-010 Coriolis sensor is used to measure the cooling water
mass flow. The root mean square current of the induction heater is
measured using a Chauvin-Arnoux MA-200 Rogowski coil, the root
mean square (RMS) voltage by an R&S RT-ZI10 passive probe. Both
signals are monitored and processed using an R&S RTH1002 oscil-
loscope. The whole test section is insulated using silica fiber wool.
Table 2 summarizes the geometric specifications of the test sec-
tion. The described test section is implemented into the TESIS:com
plant in Cologne, Germany (see Figs. 4 and 5) [30]. The TESIS:com
testing facility consists of a hot and a cold molten salt tank, each
able to contain 20 t of Solar Salt. The salt can be heated or cooled
to 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 -1, 26.9 + 0.3 mm
Tube wall thickness t; 2 4+ 0.2 mm
Hydrodynamic entrance length 1250 mm

Heating length I,

Thickness insulation between induction heater and tube test section s

Outer insulation thickness
Coil inner diameter 2 - rjpy
No of turns per m solenoid heating coil
Groove height e
Pitch length p

Groove width a
Pitch angle o

Equivalent diameter spirally grooved tube dy

470 mm +18 mm
15 mm +5 mm
~300 mm

60 mm

72 turns/m

0.4 mm +0.05 mm
20.9 mm +0.1 mm
1.8 mm +0.2 mm
73.8°

22.8 mm

= ‘a Test section

Fig. 4.

Test setup.

Solar Salt

—— Cooling water

Hot tank
TESIS:com

HRadarHT

Oscilloscope
power

measurement

Air cooler
Cooling
water

can then be pumped with different mass flows through the test
section. One E + H Micropilot FMR54 radar level sensor is posi-
tioned at the top of each salt tank. These sensors are used to de-
duce the mean mass flow of the salt through the test section. The
radar sensors are calibrated using a Coriolis sensor and water. The
tank deformation and the resulting uncertainty at higher temper-
ature has been simulated using a detailed FEM simulation of the
tank and the salt. Furthermore, the instantaneous solar salt mass
flow is measured using three serially placed FLEXIM WI-400 ultra-
sonic clamp-on mass flow sensor. The salt mass flow measurement
approach is validated for the use with Solar Salt up to 400 °C using
a high temperature KROHNE Optimass 6400 Coriolis sensor. A gen-
erator provides the power for the induction heater. The cooling wa-
ter circuit is cooled using an air to water cooler. The whole setup is
validated by a test campaign with water. A more detailed descrip-
tion of the measurement setup as well as the smooth tube results

Generator Cooler
—
> (Voo (oo 1XJ
SO
\_3x _/

T

U
Induction /" Teo ™ (Tsour Coldiani
heater  \ 32x ) \3x / TESIS:com

Fig. 5. Experimental system diagram Solar Salt loop.
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can be found in [31]. The pressure difference over the test sec-
tion is measured before and after the test section using an E + H
PMP75 pressure transmitter with a diaphragm seal at the salt in-
let and a Gems Sensors & Controls 3500 series pressure transducer
with an air blanket at the salt outlet.

4. Theoretical basis
4.1. Nusselt number

This subchapter is a shortened repetition of the theoretical ba-
sis described in [31] added for better readability of this paper. The
Fourier law of heat transfer in a cylindrical system is used to de-
duce the general local stationary heat balance (Eq. (3)) [32]. Two
boundary conditions are applied to this heat balance: Heat losses
through the insulation of the tube to the induction heater (see
Eq. (4)) and convective heat transfer to the molten salt at the inner
side of the tube (Eq. (5)).

1d [ dTix ¢
rdr(r dr )*xt—o 3
A d Tix (M |r=r, = Gi (4)
A gr tx (M) lr=r, = dins

d Nugx - As

—At - ETf,X(rﬂrﬂi == (Tea(r=ri) = Tsx) (%)

2T','

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

4}\t [¢ (rg - r,z) - Zro(jins]
s - [0 (Teox — Tsx) + 2r0ln (12 ) (2Gins — P10) + P (12 —17) ]

All material properties of the salt are evaluated at mean bulk
salt temperature. The volumetric inductive heating density of the
tube is defined with ¢ = P /V;,p.. TWo measurement approaches
are used to deduce the power transferred by the induction heater
to the tube: for the first approach the energy balance about the
main fluid flow is set up according to Eq. (7). This approach will
be referred to as the “calorimetric method”.

Pt,cal = ms . Ep.s (Ts) : (Ts,out - Ts,in)
)\ins

o ()

Where rj,4 is the inner radius of the induction heater. For the

second approach the energy balance of the cooling water loop

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

cording to Eq. (8). This approach will be referred to as the “electri-
cal method”.

Nus,x = (6)

2770 - lhegr - (Tt.o - Tcw) (7)

P, ot = Ugmis - Iruis - cos(@) — ey - Ep,cw(Tcw) - (Tew,out — Tew,in)
)‘-ins
()
Finally, the mean Nusselt number Nus , is defined as shown in
Eq. (9).

27070 et * (Tro — Tew) (8)

Iheat Nu dX Tx
u ~ 1 ZNUS,X . AX (9)

lheat lheat 1

Nugm =

The Nusselt number ratio is defined as the ratio of the mean
Nusselt number of the spirally grooved tube and the mean Nusselt
number of the smooth tube Nu, o = Nug/Nug.
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4.2. Friction factor

The friction factor f of the test section is deduced by re-
arranging the general correlation for pressure difference of single-
phase flow in a tube [33].

_ (Apsy) -4r; _ (Aps,total - Apper) -4m?
T Lpsuz l;h2
Where Ap;,q is the measured pressure difference between
inlet and outlet and Apper is the pressure difference of all the
components, but the respective test tube in between the pressure
measurement (static mixer, reducer, other tubing...). l; is the to-
tal length of the test tube, including the hydrodynamic entrance
length. The friction factor ratio is defined as the ratio between the
deduced friction factor of the grooved tube f; and the smooth tube
fo. By definition, all geometric parameters can be reduced.

( (Aps.mml*Apper)'Ps)
12
fo_ = g (11)

E - ((Aps‘lotalprPEr)‘ps)
0

(ro =) - s

f (10)

m?
4.3. Reference correlation

Frantz et al. conducted measurements for a smooth tube us-
ing the same measurement setup [31]. They were able to show
that the Nusselt numbers predicted using the Gnielinski correla-
tion predict 97% of their measurement within +10% deviation. For
this reason, the Gnielinski correlation Eq. (12), ((14)) will be used
for comparison of the enhanced tube results with a smooth tube
[34]. Eq. (12) shows the Gnielinski correlation for the mean Nus-
selt number, Eq. (13) shows the Gnielinski correlation for the Nus-
selt number at the axial location x [33].

Nu — &/8-Re-Pr - ( 2r, )2/3 Pr 0.11
R 127 . VE/B(Pr23 1) Troar Pr.

(12)

&/8 -Re-Pr 12\ Pr 0.1
Nuy ger = " 7<7> Pr
1+12.7 - /E/8(Pr23 1) 3\ X Pr,.

(13)

€ = (1.8 - logyoRe — 1.5) 7 (14)

The thermal entrance length has a relevant impact on the mea-
sured mean Nusselt number. However, in the measurement setup
the first few centimeters of the entrance length will not be evalu-
ated. In order to enable a correct comparison, the mean Nusselt
number deduced from the experiments is compared to the ex-
pected mean Nusselt number over the test section:

lhear

1
Num,REF = [ TNUX,REFdX
0 eat
Num reF.0..x) N REF xg... gt
Xo 1 Iheul ]
= [ —Nuygerdx + Nuy rerdx
0 Xo % lhear — Xo

Solving the integral leads to the following reference correlation
for the mean expected Nusselt number in the test section.

R £/8-Re.Pr pr %"
e —%0| 14127, /E/8(Pr23 — 1) [ Pre

[ @0 (Viheat = ¥%0) =0+ heat ]| (15)

N REF xo...lneat
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Table 3

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

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 ¢, in J/(kg K):
Density Solar Salt ps in kg/m?:
Thermal conductivity Solar Salt As in W/(m K):

Dynamic viscosity Solar Salt ns in mPa-s
Thermal conductivity tube (1.4878) A; in W/(mK)

Eps = 1529 (£3.3%) [31]

ps(T/°C) = 2118 — 0.7185 - (T/°C (+£0.4%) [37]
As(T/°C) = —2.2849-107* . (T/°C + 0.54692 (+4.2%) [38]

15 (T/K) = 0.08703 - exp, (

1,699, 0.8, 686,
R (T/.K)

) [39]

2e(T/°C) = 1.27551 x 1072.T (°C)14.7449. (+4%) [31]

5. Thermophysical properties

The nitrate salt most commonly used in high temperature CSP
applications is the near-eutectic binary mixture of sodium nitrate
and potassium nitrate (60 wt-% NaNOs; 40 wt-% KNOs3). This salt
is used during the experiments at the TESIS:com plant over a bulk
salt temperature ranging between 290 °C and 565 °C. The thermo-
physical properties of Solar Salt in the literature are subject to rel-
atively large scattering. It is theorized that this might be associated
to the chemical activity of Solar Salt above temperatures of roughly
450 °C or its low surface tension, which leads to so-called “salt
creeping” and might cause salt mass loss during experiments [35].
For the uncertainty calculations a composition tolerance of £1 wt-
% is assumed for Solar Salt. The thermophysical properties of liquid
water of the cooling circuit are computed with the reference cor-
relations published by Harvey et al. [36]. A detailed description of
the selection process of the correlations listed in Table 3 can be
found in [31].

6. Measurement uncertainty

The combined standard measurement uncertainty is computed
using the method of propagation of uncertainty using the defini-
tions of JCGM 100:2008. For this purpose, the partial derivative of
each measured quantity is computed and the overall uncertainty is
calculated based on the following general definition: oy, x,..x,) =

\/(3375’1)2 O+ (387’;)2 -0 . More information on the uncer-
tainty can be found in [31]. A coverage factor of k = 1 is assumed
for all values cited in this work. The measured mean Nusselt num-
ber uncertainty ranges between 8% and 41% for the calorimetric
method and between 6% and 12% for the electrical method. There-
fore, mainly the results yielded with the electrical method will be
presented. The values from the calorimetric method will be used
for plausibility checks. Table 4 gives an overview over the parame-
ter range as well as their uncertainty. The uncertainty for the elec-
trical method is dominated by the power measurement Pfle ,» which

makes up for 45% to 67% of orf,’um. The power measurement uncer-
tainty is strongly dominated by the uncertainty of the phase an-
gle which accounts for roughly 77% to 89% of o, , followed by
t.el
the RMS current uncertainty, which accounts for about 10% to 14%
and the RMS voltage uncertainty, which covers about 1%. All other

Table 4
Range of test conditions and overall measurement uncertainty.

Item Range Uncertainty

Main flow salt mass flow: s 0.56-5.59 kg/s +2% - £15%

Cooling water mass flow: fitq, 0.173-0.174 kg/s  +0.06%
Solar Salt inlet temperature: T, 298-554 °C +0.2 K
Solar Salt temperature gradient AT 1.3-29.7 K +0.2 K
Outer wall temperature Ty, 333-667 °C +1-9 K
Cooling water temperature gradient: AT, 5-15K +0.1 K
RMS voltage Ugys 266-461 V +0.2%
RMS current Igys 496-841 A +1%
Pressure salt inlet p;; 1.11 - 3.44 bar, +0.01 bar,

contributors to Opel such as the cooling water mass flow, heat ca-
t.el

pacity and temperature gradient (ATew max = 15 K) as well as Qins
amount to a contribution of less than 1%. The remaining contrib-
utors to the combined Nusselt number uncertainty aﬁ{lm are the
thermal conductivity of the tube o, (<1% to 12%) the tube thick-
ness t; (<1% to 8%) the thermal conductivity of the salt As; (3<1%
to 13%), the tube outer wall temperature T; , (1% to 22%), the heat-
ing length I, (12%). and the thermal losses through the insulation
Qins (2-3%). All other parameters (AT;, T; in) make up for less than
1% of the Nusselt number uncertainty ol‘f,’um. The absolute values
of the friction factors can be deduced with an overall uncertainty
ranging between 14% and 24%.

7. Result and discussion
7.1. Nusselt number

The forced convective heat transfer of Solar Salt in a spirally
grooved tube with a relative groove height e/2r;=0.017, a relative
groove pitch p/2r;=0.913 and groove angle «=73.8° is deduced
for three main bulk salt inlet temperatures: 300 °C, 400 °C and
550 °C. This leads to bulk Prandtl numbers ranging from 10 to 3.7.
At each bulk salt temperature up to 5 different mass flows are as-
sessed. This approach leads to Reynolds numbers ranging between
11,000 and 285,000. Three different flux densities are applied for
each combination of mass flow and temperature: 330 kW/m?,
630 kW/m? and 930 kW/m?. Fig. 6 shows the resulting mean mea-
sured Nusselt number of the spirally grooved tube for the three
investigated salt bulk temperatures. As generally observed for Nus-
selt numbers, the Nusselt number increases for higher Reynolds
numbers and decreases for lower Prandtl numbers. A correlation of
the form proposed by Sieder-Tate (Nup = Co - ReS - Pr&3 (/) ™)
is fitted to the obtained measurement data using a least square al-
gorithm. The resulting correlation is shown by Eq. (16). For orien-

1900
1700 Solar Salt —
Spirally grooved tube
1500 4 *
1300 é{ 'i H
Z1100 *{L T i
E zd
z 900 o Ts: 300°C
700 o Ts:400°C
e Ts: 550°C
500 — Equation (16) (Pr=9) [ |
300 % ~Equation (16) (Pr=6)
o ---Equation (16) (Pr=4)
100 L
0 50000 100000 150000 200000 250000 300000

Reynolds number (-)

Fig. 6. Nusselt number of Solar Salt in a grooved tube as a function of Reynolds
number and salt temperature (Re: 11,000...285,000; Pr: 3.7...10) and values calcu-
lated with Eq. (16) assuming a constant Prandtl and inner wall temperature.
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Fig. 8. Measured mean Nusselt number of Solar Salt as a function of mean Nusselt
number predicted by Gnielinski correlation (Re: 11,000...285,000; Pr: 3.7...10).

tation the fitted mean Nusselt number is shown in Fig. 6 for three
representative salt bulk and inner wall temperatures.

Nty o = 0.0129 - Re®38 . Pr038 (11 /14,,)% 1 (16)

Fig. 7 shows the comparison of the two heat balances as a func-
tion of Reynolds number. It can be observed that 96% of the exper-
imental cases show a deviation of less than +5% of the “calori-
metric method” - Eq. (7) - compared to the “electrical method” -
Eq. (8).

Fig. 8 shows the measured mean Nusselt number of the spi-
rally grooved tube and the mean Nusselt number predicted by the
Gnielinski correlation for the smooth tube as a function of the val-
ues predicted by the Gnielinski correlation. The measured Nusselt
numbers of the spirally grooved tube at Reynolds number smaller
than 25,000 are only slightly higher or equal to the values pre-
dicted by Gnielinski for the smooth tube. For Reynolds numbers
ranging between 27,000 up to 285,000 the measured Nusselt num-
bers of the enhanced tube are about 20% higher than those ex-
pected by the Gnielinski correlation for a smooth tube.

Fig. 9 shows the resulting Nusselt number ratio Nu,o for all
three bulk salt temperatures as a function of Reynolds number.
Both graphs show the good agreement between the fitted correla-
tion and the measurement: the fitted correlation (16) fits 79% of
the measured values within £5% and 99% of the measured val-
ues within +£8%. The same figures show the values predicted by
the general correlation proposed by Ravigururajan et al. [10]. As
also found by other authors, who performed measurements with
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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: 11,000...285,000; Pr: 3.7...10).
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Fig. 10. Measured and expected Nusselt number ratio Nu,( of two different authors
as a function of Reynolds number (Re: 11,000...285,000; Pr: 3.7...10).

molten nitrate salts in enhanced tubes, the Ravigururajan correla-
tion seems to overpredict the measured Nusselt numbers by a fac-
tor of 1.2 up to 1.4. This is, however within the uncertainty range
of +£20% up to +50% specified by Ravigururajan. Also, as can be
seen in Fig. 10, the Ravigururajan correlation predicts a continuous
increase of the Nusselt number ratio Nu,o with the Re number.
(Nu, o increases 0.15 from Re=25,000 to 285,000). This can, given
the present uncertainty of the high Reynolds number results, not
be validated with the present measurements for Re>25,000.
Finally, Figs. 9 and 10 show the values expected by the gen-
eral correlation for enhanced tubes proposed by Jiangfeng et al.
[24]. This correlation was validated for Re=10,000 - 30,000, which
roughly corresponds to Nup=100 - 300, so the values outside this
interval must be considered with care. It can be observed that the
general correlation of Jiangfeng predicts 62% of the measured val-
ues within £5% and 91% of the measured values within +10%. The
deviations to the Jiangfeng correlation are found for Re numbers
below 25,000. This is surprising, as the measurements of Jiangfeng
were conducted with a spirally grooved tube which had a simi-
lar relative pitch angle for this Reynolds number range. However,
Jiangfeng et al. used relative groove heights which were 30% larger
and lower flux densities (~220 to 240 kW/m?). On the other hand,
the relative groove width in the present experiment is 20% larger
than the dimensions used by Jiangfeng and approaches values
equal to one. Chen et al. [27] found that for a relative groove width
equal to one, little to no increase of Nusselt number was observed.
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However, Chen’s experiments were conducted for a transversally
grooved tube. Also, it must be noted that both Chen and Jiangfeng
used a ternary nitrate salt, which has Prandtl numbers which are
roughly double the Pr numbers of the present binary nitrate salt.
Furthermore, it could be argued, that the effect might be caused
by local overheating of the salt.

Local salt degradation due to local overheating of the tube is
a concern during the operation of heat exchangers using molten
salts. This effect was observed by Jiangfeng et al. with the ternary
nitrate salt Hitec [24]: They measured a rapid decrease of the
convective heat transfer as the tube inner wall temperatures ap-
proached the maximum operation temperature specified by the
manufacturer. This rapid decrease leads to further overheating of
the tube and probably would entail further decrease of the heat
transfer. Fig. 11 shows the deviation of the measured Nusselt num-
ber of the spirally grooved tube from the Nusselt number predicted
by the Gnielinski correlation for a smooth tube. From this figure
no obvious trend of the variation of Nusselt number compared to
Gnielinski can be deduced as a function of inner wall temperature
for T,,;=315 - 633 °C. However, some outliers can be observed;
these measurements are obtained at low Reynolds numbers, which
show a considerable reduction in heat transfer compared to the
measurements at higher Nusselt numbers, as already seen in the
previous graphs.

It can be concluded that inner wall temperatures up to 633 °C
alone do not lead to a decrease in heat transfer in the present
experiment. It must however be pointed out that the systematic
decrease in heat transfer towards lower Reynolds numbers could
be caused by local salt degradation. On the one hand, the salt
has a higher dwell time in the tube at lower Reynolds numbers
leaving more time for the gaseous products to form and disturb-
ing the heat transfer. On the other hand, it could be, that be-
side the increase of local fluid velocity through the grooves, the
grooves might also locally decrease the fluid velocity (for exam-
ple shortly before and after the groove). This could cause local
overheating beyond the measured inner wall temperatures and
entail local salt degradation. The formation of a low conductive
film can be excluded, because the low Reynolds number experi-
ments were repeated at the very beginning and at the end of the
measurement campaign and yielded the same results. Further re-
search is necessary to quantify the observed Nusselt number be-
havior for Re= 10,000 to 25,000 in the spirally grooved tube and
derive its origin with certainty. Furthermore, the present exper-
iments were only carried out over a duration of a few weeks.
Therefore, it cannot be excluded that long-term operation at high
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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: 11,000...285,000; Pr: 3.7...10).

film temperatures would lead to the formation of a low conduc-
tance surface layer and to a local decrease of thermal conductivity
of the tube. Further research is required to yield data in long-term
operation.

7.2. Friction factor

In order to evaluate the performance enhancement properties
of the spirally grooved tube, the friction factor ratio needs to eval-
uated beside the Nusselt number ratio. For this purpose, the pres-
sure difference over the test section is deduced on one hand for
the spirally grooved tube and on the other hand for a smooth tube
using the same setup in a previous experiment [31]. Fig. 12 shows
the measured pressure difference of the setup with a smooth tube
and the setup with a spirally grooved tube for three bulk salt
temperatures as a function of bulk flow velocity. It can be ob-
served, that the pressure difference increases - as expected - in
a quadratic fashion with increasing flow velocity. Also, the pres-
sure difference decreases for higher temperatures, which is mainly
due to the lower salt density at higher temperatures. In addition, it
can be observed that the pressure difference of the spirally grooved
tube is generally higher than for the smooth tube. It must be
noted, that the pressure difference suffers from considerable scat-
tering, for this reason only the measurement data for pressure dif-
ferences greater than 0.3 bar will be evaluated further on. Fig. 13
shows the resulting friction factors deduced using Eq. (10). As ex-
pected, the friction factor decreases for higher Reynolds numbers
and the friction factor of the spirally grooved tube is generally
higher than that of the smooth tube. A power function is fitted to
the measurement data following the basic form proposed by Bla-
sius et al. for turbulent flow in a smooth tube [33] using a least
square algorithm. Using these fitted functions, the friction factor
ratio can be expressed using the following equation:

0.7709 - Re~03022

Jollo = 5 5843 Re-0315 (a7

It is interesting to point out that it was found, that correla-
tions which account for roughness of the tube (Prandtl [40]) lead
to lower agreement with the measurement data as these correla-
tions predict a lower temperature-dependency as exposed by the
measurement data. In this experiment the pressure difference of
both the smooth and the enhanced tube are best predicted with
correlations typically used for smooth tubes.
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Fig. 14 shows the resulting friction factor ratio using Eq. (17) as
well as the resulting friction factor when directly calculating the
friction factor ratio using Eq. (11) from measurement data of the
spirally grooved and smooth tube respectively. As not all mea-
surements were taken at exactly the same salt temperature and
Reynolds number only the useful pairs are shown. It can be seen,
that the measurements achieved with this method (Eq. (11)) gen-
erally agree with the friction factors obtained with Eq. (17) within
the measurement uncertainty. Furthermore, Fig. 14 shows the pre-
dicted friction factor ratio by the general equation by Ravigurura-
jan et al. [10] The general correlation overpredicts the measured
friction factor ratio by a factor of 1.8 to 2.9. This result lies consid-
erably outside the uncertainty band given by Ravigururajan et al.
of £50%. The tube investigated in the present study has a groove
height more at the lower end of the spectrum investigated by Rav-
igururajan et al., this might cause the overestimation, as the gen-
eral correlations were developed to fit a large geometry basis. At
the same time, the present results are in the same order of magni-
tude as the deviations measured by Chen et al. [27]. It must how-
ever be noted, that the measurements conducted by Chen are per-
formed using a ternary nitrate salt, with a transversally grooved
tube. Further research is necessary to understand the origin of this
deviation. Further research is necessary to understand the causes
of the deviation and to improve the predictions of pressure drops
in enhanced tubes.
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Conclusion

This paper experimentally analyses the forced convective heat
transfer and pressure difference of the molten nitrate salt “So-
lar Salt” (60 wt-% NaNOs; 40 wt-% KNOs3) in a spirally grooved
tube at high Reynolds numbers at varying flux densities. In a first
step a literature review on the experimentally available data of the
thermo-hydraulic performance of corrugated tubes is performed. In
a second step, the available data of corrugated tubes in nitrate salt
heat exchangers is presented: it is found that the commonly used
general correlations developed by Ravigururajan et al. [10] overpre-
dict the experimental results of the Nusselt number of four differ-
ent authors by 15% up to 90%. In addition, the general correlations
for the friction factor ratio [10] overpredict the available experi-
mental data by a factor of 1.7 up to 2.3. In the present work an
experimental setup using a water-cooled induction heater is used
to deduce the Nusselt number and the pressure difference over
a test tube. The investigated spirally grooved tube has a relative
groove height of e/2ri=0.017, a relative groove pitch of p/2ri =0.913
and a groove angle «=73.8° The measurements of the forced con-
vective heat transfer are undertaken for three main bulk salt inlet
temperatures: 300 °C, 400 °C and 550 °C, leading to Prandtl num-
bers ranging from 10 to 3.7. At each temperature up to 5 different
mass flows are assessed. This approach leads to Reynolds num-
bers ranging between 11,000 and 285,000. Up to three different
flux densities are applied for each combination of mass flow and
temperature: 330 kW/m?, 630 kW/m? and 930 kW/m> The mea-
surement results of the spirally grooved tube are compared to pre-
viously published measurement results using the same measure-
ment setup with a smooth circular tube.

The experiments yielding the friction factors shows that the
general correlation of Ravigururajan for the friction factor ratio
overpredicts the measured friction factor ratio by a factor of 1.8
to 2.9. This result lies considerably outside the uncertainty band of
+50% given by the authors of the general correlation. At the same
time, the present results are in the same order of magnitude as the
deviations measured by Chen et al. [27]. Further research is neces-
sary to understand the origin of this deviation.

It is found, that for Re above 25,000, an increase of Nusselt
number of roughly 1.19+0.14 is observed. However, the deduced
Nusselt number ratios of the spirally enhanced tube are consid-
erably lower than the values predicted by Ravigururajan’s general
correlations, but are still within the uncertainty range of +20%
up to +50% specified for the general correlations. The measure-
ments in the Re number region 11,000-25,000 show little to no
increase of heat transfer for the spirally grooved tube compared to
the smooth tube. This is in contradiction with the measurements
conducted by other authors. Further research is necessary to iden-
tify the cause for this deviation.

One general concern with Solar Salt as a heat transfer fluid is
that localized decomposition of the nitrate salt occurs in the film
region with formation of gaseous products. This could form a lo-
cal gas layer with low thermal conductivity and this layer could
negatively impact the convective heat transfer of Solar Salt in heat
exchanger tubes. The geometry of enhanced tubes does not only
cause a local increase of fluid velocity but can also induce wakes
and low-speed recirculation zones involving a local decrease in
fluid velocity [8]. This could cause local overheating, entail local
salt degradation and consequently impact the overall convective
heat transfer. For this reason, special focus is put on the impact of
inner tube wall temperatures larger than 600 °C on the heat trans-
fer. Based on the measurements it can be concluded that inner
wall temperatures up to 633 °C do not lead to a decrease in heat
transfer in the present experiment. It must however be pointed
out that the systematic decrease in heat transfer towards lower
Reynolds numbers could be caused by local salt degradation. On
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the one hand, the salt has a higher dwell time in the tube at lower
Reynolds numbers leaving more time for gaseous products to form
and disturbing the heat transfer. On the other hand, it could be
that a local decrease in fluid velocity shortly before and after the
groove caused local overheating and entailed local salt degradation.
The formation of a low conductive film on the inner tube wall can
be excluded, because the low Reynolds number experiments were
repeated at the very beginning and at the end of the measure-
ment campaign and yielded the same results. Further research is
necessary to quantify the observed Nusselt number behavior for
Re= 10,000 to 25,000 in the spirally grooved tube and define its
origin with certainty. Furthermore, the present experiments were
only carried out over a duration of a few weeks. Consequently, it
cannot be excluded that long-term operation at high film temper-
atures would lead to the formation of a low conductance surface
layer and to a local decrease of thermal conductivity of the tube.
Further research is required to yield data in long-term operation.
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