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A B S T R A C T   

Twisted tape inserts (TTI) are often employed to enhance heat transfer in tubes but their enhancement for su-
percritical carbon dioxide (SCO2) is unknown, and the thermal performance of TTIs is never studied by vortex 
kinematics. The TTIs with three twist ratios (TR) were designed for an experimental SCO2 water-cooled counter- 
flow tube-in-tube heat exchanger, and the convective heat transfer of SCO2 in the exchangers with the TTIs was 
simulated with ANSYS CFX based on the three-dimensional, Reynolds-averaged Navier-Stokes equations, energy 
equation and shear stress transport turbulence model. Effects of TR, mass flux, inlet pressure and wall heat flux 
on the performance were clarified. The optimal TRs were sought by using the performance evaluation criterion 
curve and criterion of friction factor ratio ≤5. The thermal performance was characterised by using cross- 
sectional average absolute helicity. The friction factor ratio, Nusselt number ratio and performance evaluation 
criterion vary in the ranges of 3.63–7.29, 3.43–5.75 and 1.90–2.94 at the pseudocritical point, inlet pressure of 8, 
9 MPa, mass flux of 200, 400 kg/m2s and wall heat flux of 12, 24 kW/m2 as TR = 2.17, 3.78, 5.39. The best heat 
transfer enhancement caused by TTIs appears at the point with 2–3 times better than that in water or air flow. 
The enhancement reduces dramatically on the left- and right-hand sides of the point. The increased mass flux and 
inlet pressure can reduce but a large wall flux can raise the enhancement on both sides of the point. The optimal 
TR depends on SCO2 operational conditions and TR = 3.78 is the optimal TR for most cases herein.   

1. Introduction 

Water-cooled supercritical carbon dioxide (SCO2) heat exchangers 
(HX) can find an application in cooling or cold storage systems using 
carbon dioxide (CO2) hydrate slurry as a working fluid and storage 
medium. The thermophysical properties of SCO2 vary considerably with 
temperature and pressure, especially near the critical point or pseu-
docritical point. Because SCO2 is subject to a lower overall heat transfer 
coefficient (HTC) than water, SCO2 convective heat transfer in a SCO2 
HX needs to be enhanced to improve its effectiveness and reduce its size. 
However, heat transfer enhancement (HTE) techniques in water-cooled 
SCO2 counter-flow tube-in-tube heat exchangers have been rarely 
investigated so far. For example, 52, 46, and 50 spiral fins were manu-
factured inside a tube with 4.42 mm inner diameter in 24, 5 and 25◦

helix angles, and the convective heat transfer of SCO2 was measured at 
8–10 MPa and 20-75℃ inlet temperature as well as 360–690 kg/(m2s) 
mass flux in [1]. It turned out that the HTC in the finned tubes was 
1.4–2.0 times better than that in the smooth tube. In similar 

experimental work [2], the HTC was improved by 20–39% only. 
For fluids with constant thermophysical properties, the other HTE 

methods were proposed to enhance their forced convective heat transfer 
in HXs. Basically, four kinds of HTE methods, namely dimple, protru-
sion, twisted tape insert and rough element methods exist for HXs. An 
array of outward dimples is made on the inner wall of a tube in the 
dimple method, and the convective heat transfer over the wall is 
enhanced by vortices generated by those dimples. Usually, the shape of 
dimples is partially spherical, but an outward dimple with a small in-
ward dimple in it could improve convective heat transfer further [3]. 
The thermal–hydraulic performance of teardrop shape dimples was 
better than that of spherical dimples based on simulations of computa-
tional fluid dynamics (CFD) [4,5] and experiments [6]. For spherical 
dimples, the depth of the dimples influenced their thermal–hydraulic 
performance greatly [7]. In the protrusion method, an array of inward 
protrusions is created on the inner wall of a tube, and the convective 
heat transfer over the wall is improved. The shape of protrusions is often 
partially spherical [8,9]. However, the other shapes, such as teardrop 
[5], elliptical [10], and slot [11] were also suggested and exhibited a 
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Nomenclature 

a constant in the μt expression of the shear stress transport 
model,a = 0.31 

A overall heat exchange area in a heat exchanger, m2 

B constant in log-law velocity profile, B = 5.2 for 
hydraulically smooth walls 

Cp specific heat capacity of fluid, J/kg 
d tube inner diameter, mm 
dw tape width, mm 
f friction factor of a tube with heat transfer enhancement 
f0 friction factor of a tube without heat transfer enhancement 
F1 blending function between the Wilcox k-ω model and the 

standard k-ε model 
F2 auxiliary variable in the μt expression of the shear stress 

transport model 
G mass flux, kg/m2 s 
h specific enthalpy of fluid, m2/s2 

H absolute helicity of fluid, m/s2 

Hb cross-sectional mean absolute helicity, m/s2 

Hb1 cross-sectional mean absolute helicity at the inlet of 
twisted tape insert, m/s2 

I1, I2, I3 Invariants of velocity gradient tensor defined by Eq.(21) 
k turbulence kinetic energy, m2/s2 

l total axial length of a tape, mm 
Nu Nusselt numbers with (after) heat transfer enhancement 
Nu0 Nusselt numbers without (before) heat transfer 

enhancement 
p fluid static pressure, MPa 
Pkb, Pωb buoyancy production term in the k-equation and 

ω-equation, respectively, J/m3 

Pr fluid Prandtl number 
Prt turbulent Prandtl number, Prt=0.9 
qw water heat flux across the tube wall, kW/m2 

Re Reynolds number at the inlet of tube 
SE source term of energy equation, J/m3 

Si specific body force, i=1, 2, 3, m/s2 

t time, s 
t pitch of a twisted tape insert in 180◦ turning angle of the 

tape, mm 
T local temperature of fluid, K 
T1 fluid temperature at inlet of the tube, K 
Tb mean bulk temperature of fluid, K 
Tc temperature at pseudo critical point of fluid, K 
Tn fluid temperature in the first mesh layer, K 
Tnw wall adjacent temperature, K 
Tw mean or local wall temperature, K 
T+ dimensionless temperature in the boundary layer 
u fluid velocity vector, m/s 
ub bulk velocity of SCO2 in the tube with TTI, m/s 
ui, uj Reynolds time-averaged velocity components of fluid in a 

Cartesian coordinate system, i, j=1,2, 3, m/s 
un fluid velocity near wall, m/s 
uτ friction velocity of fluid at wall, τw = ρu2

τ , m/s 
u’

i turbulent fluctuation velocity of fluid, m/s 
ulog

τ , uvis
τ friction velocities at wall by using the solutions in the log- 

law and sublayer layers 
U mean heat transfer coefficient, W/m2K 
Uw wall heat transfer coefficient, W/m2K 
Uwb cross-sectional mean wall heat transfer coefficient, W/m2K 
xi, xj, xm coordinates of a Cartesian coordinate system, i, j, m=1, 2, 

3, m 
yn distance to the nearest wall from the first mesh layer, m 
y+ dimensionless wall distance, y+=

̅̅̅̅̅̅̅̅̅̅
τw/ρ

√
yn/ν 

z axial coordinate of twisted tape insert, mm 

Greek 
α1, β1, σω1 model constants in the ω-equation of the Wilcox k-ω 

model, α1=5/9, β1=0.075, σω1=2 
α2, β2, σω2 model constants in the ω-equation of the ω-transformed 

standard k-ε model, α2=0.44, β2=0.0828, σω2=1/0.856 
α3, β3, σω3 blended model constants in the ω-equation of the blended 

Wilcox k-ω and standard k-ε models, α3=F1α1+(1-F1)α2, 
β3=F1β1+(1-F1)β2, σω3=F1σω1+(1-F1)σω2 

β auxiliar variable in dimensionless fluid temperature 
expression in the boundary layer 

βk model constant in the k-equation of the Wilcox k-ω model 
and the ω-transformed standard k-ε model, βk=0.09 

γ magnitude of the strain rate of fluid velocity, 1/s 
γij strain rate tensor of fluid velocity, 1/s 
Γ auxiliary variable dimensionless fluid temperature in 

boundary layer 
δ tape thickness, mm 
Δ discriminant defined by I1, I2, I3 in Eq. (22) 
Δptot difference in the total pressure of SCO2 across the tube with 

TTI, Pa 
ε dissipation rate of turbulence kinetic energy, m2/s3 

∊ijm Levi-Civita symbol, i, j, m=1, 2, 3 
κ von Kármán constant, κ=0.41 
λ thermal conductivity of fluid, W/m K 
λb mean bulk thermal conductivity of SCO2 in the tube with 

TTI, W/m K 
μ dynamic viscosity of fluid, Pa.s 
μt turbulent eddy viscosity, Pa.s 
ν kinematic viscosity of fluid, m2/s 
ξ1, ξ2 auxiliary variables in the F1 expressions 
ξ3 auxiliary variable in the μt expression of the shear stress 

transport model 
ρ density of fluid, kg/m3 

ρb mean bulk density of SCO2 in the tube with TTI, kg/m3 

σk1 model constant in the k-equation of the Wilcox k-ω model, 
σk1=2 

σk2 model constant in the k-equation of the standard k-ε model, 
σk2=1 

σk3 blended model constant in the k-equation of the blended 
Wilcox k-ω and standard k-ε models, σk3=F1σk1+β1(1- 
F1)σk2 

τw wall shear stress, Pa 
ψ performance evaluation criterion for heat transfer 

enhancement 
Y swirling strength of the vortex expressed by Eq. (23), 1/s 
ω rate of dissipation per unit turbulent kinetic energy, 1/s 
ωn total ω near wall, 1/s 
ωlog, ωvis ω values calculated by the solutions in the logarithmic and 

linear near-wall regions, 1/s 
Ω vorticity or velocity curl of fluid, 1/s 
Ωb cross-sectional mean velocity curl, 1/s 

Subscript 
i, j, m index of the Cartesian coordinate system 

Abbreviation 
3D three-dimensional 
CFD computational fluid dynamics 
CO2 carbon dioxide 
HX heat exchanger 
HTC heat transfer coefficient 
HTE heat transfer enhancement 
PEC performance evaluation criterion 
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better HTC in comparison with spherical protrusions. The protrusions in 
spherical shape were applied into the HX in a solar water heater [12] 
and nanofluids [13]. The arrays of the dimples/protrusions with ellip-
tical, conical frustum, trapezoidal prism, leeward triangular and upward 
triangular shapes were created in each fin plate in a fin-and-elliptical 
HX, respectively, and the convective heat transfer in the HX was simu-
lated with CFD software [14]. In the twisted tape insert (TTI) method, a 
single TTI [15] or more TTIs in series [16] or in parallel [17] were 
installed in a tube to generate a vortex flow and enhance HTC. The effect 
of tape aspect (length-to-width) ratio on the thermal–hydraulic perfor-
mance of TTIs was predicted with CFD and it turned out that HTE was 
elevated with increasing aspect ratio [18]. There are a variety of 
mutated TTIs, for instance, centrally hollowed TTIs [19], coaxially 
crossed TTIs [20], eccentric helical screw tape insert where the tape is 
twisted helically on a cylindrical surface [21], helical screw tape inserts 
where the tape is twisted helically on a straight rod [22], tape with holes 
[23], and tape with a linearly variable pitch [24]. A triple-channel TTI 
was assembled into a three-start spirally twisted tube, their effect on 
HTC was predicted with CFD software [25]. TTIs were also used to 
enhance HTC in HXs working in TiO2/water [17], Fe3O4/water [26] 
nanofluids. In the rough element method, a series of rough elements 
with sharp or blunt shapes was installed in a tube or on its wall to 
intensify the turbulent kinetic energy level of fluid and enhance the fluid 
HTC over the wall. There are a large number of types of rough elements 
proposed in the literature, e.g., dividing turbulators in tube [27], twisted 
ribs on tube wall [28], vortex generators on wall [29], winglet vortex 
generator on tube wall [30], helical V-grooves on tube wall [31], airfoil 
deflectors in tube [32], spiral spring inserts [33], louvred strip inserts 
[34], longitudinal strip inserts in tube [35], transverse ribs on tube wall 
[36], conical ribs on tube wall [37], and curved circular rings in tube 
[38] to name a few. Various vortex generators were reviewed in-depth 
based on their configurations and thermal–hydraulic performance 
[39]. A comparison of the thermal–hydraulic performance of dimples, 
cylindrical grooves and short fins in mini-channel heat sinks was con-
ducted based on CFD simulations [40]. The transverse ribs with rect-
angular, trapezoidal, semi-circular and triangular cross-sections on tube 
wall were designed and the convective heat transfer in the tubes with 
those ribs was simulated with CFD software Fluent and compared with 
the heat transfer in the tubes with outward protrusions in those cross- 
sections [41]. A TTI was installed in a tube with protrusions on tube 
wall, and the convective heat transfer and thermal–hydraulic perfor-
mance of the TTI were predicted with CFD simulations [42]. A TTI was 
combined with vortex generating rings and installed in a tube to 
enhance HTC and the geometric parameters of the rings were optimised 
by using the response surface method based on the data obtained with 
CFD simulations [43]. 

Compared with dimples, protrusions and rough elements, TTIs are 
usually installed inside a circular plain tube of HX with a radial gap and 
don’t reduce the mechanical strength of the tube wall, thus they are 
suitable for working in a tube with high internal pressure. Further, TTIs 
are subject to simple structure and easy fabrication, and have found 
extensive applications in air conditioning and refrigeration systems, 
chemical reactors, food and dairy processes [44]. However, the ther-
mal–hydraulic performance of an HX with TTI is almost associated with 
the convective heat transfer of fluids with nearly constant thermo-
physical properties presently [45]. Hence, there is no information about 
the thermal–hydraulic performance of TTIs under convective heat 
transfer conditions of SCO2 which undergoes significant thermophysical 

property variation in the vicinity of its pseudocritical points. Also, there 
is a lack of methods for characterising the thermal performance of a TTI 
which is associated with a strong swirling flow from the vortex kine-
matics point of view in the literature. These two issues will be addressed 
herein. 

In this article, three TTIs were designed for an experimental water- 
cooled counter-flow tube-in-tube HX, and the convective heat transfer 
between SCO2 and the tube in each HX with a TTI was investigated 
numerically in CFD software-ANSYS CFX 2019R2a by using three- 
dimensional (3D) Reynolds-averaged Navier-Stokes equations (RANS), 
energy equation and shear stress transport (SST) turbulence flow model 
for the first time. The effects of twist ratio (TR), SCO2 inlet pressure, 
mass flux, and wall heat flux on HTE were explored based on the 
simulated results, and the optimal TR was sought. The vortex region was 
identified with absolute helicity, and the cross-sectional mean wall HTC 
was correlated with the helicity to characterise the thermal performance 
of a TTI. The studied issues are unseen in the literature, the corre-
sponding outcomes will be beneficial to the design and experiment of 
TTIs and can shed light on the flow and heat transfer mechanisms of 
TTIs. 

2. Design of TTI 

2.1. Selection of SCO2 HX 

In our one project, the water-cooled HX will run in the following 
conditions: SCO2 inlet pressure p1 = 7–10 MPa, temperature T1 = 30–70 
℃, mass flux G = 200–850 kg/m2s, cooling water inlet temperature =
10–20 ℃, pressure = 1 atm. Operating pressure and temperature, cost, 
fouling and cleanability, fluid leakage and contamination, fluids and 
material compatibility, and fluid type are factors to consider when 
deciding the selection criteria of HX [46], among which operating 
pressure, temperature, cost, and fluid type are more important to the 
project. Based on the operating pressure and temperature, a counter- 
flow tube-in-tube HX or printed circuit heat exchanger (PCHE) can be 
selected. However, PCHEs are subject to a higher cost and a larger 
pressure loss, as such the counter-flow tube-in-tube HX has to be 
selected. 

The counter-flow tube-in-tube HX is a gas-to-liquid HX. The HTC on 
the gas side is smaller than that on the liquid side in the HX. To align the 
magnitude in UA on each fluid side of the HX, an HTE method should be 
applied to the gas side, here U is the mean HTC and A is the overall heat 
transfer area. 

2.2. Geometry of TTI 

Four HTE methods, namely dimple, protrusion, TTI and rough 
element methods, may be potentially applicable to SCO2 counter-flow 
tube-in-tube HXs [45]. Since the fabrication of TTIs is easier than that 
of dimples, protrusions and rough elements, and the TTIs do not impair 
the mechanical strength of the tube wall to allow a tube to be safer at a 
higher internal pressure, the HTE of TTI will be examined under SCO2 
flow conditions here. 

A notable drawback of TTI may be the larger flow resistance to the 
flow. A gap between TTI and tube wall or holes in the tape can intensify 
turbulent level and alleviate the larger flow resistance, thus could lead to 
enhance heat transfer at the tube wall inside the HX. The best thermal 
performance in HTE of TTIs was achieved at Re = 7200–49,800 [44], 

PCHE printed circuit heat exchanger 
RANS Reynolds-averaged Navier-Stokes equations 
RGP real gas property 

SCO2 supercritical carbon dioxide 
SST shear stress transport  
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where there is a gap between the insert and the tube, and the tape is 
perforated. The principal geometrical parameters of the insert are shown 
in Fig. 1. Note the TTI used in this study is imperforated considering 
computing resource limitations, but the findings can serve as the foun-
dation and guidance of more complex numerical simulation of perfo-
rated TTIs in the future. 

The geometrical parameters of the insert used here, namely the pitch 
t (tape turning 180◦), tape width dw, tape thickness δ are scaled from the 
tape in [44]. The aspect ratio l/dw of the tape in [44] and that here is not 
scalable. The geometrical parameters of the insert here are tabulated in 
Table 1 and compared with the original parameters in [44]. Note that 
the feasible t or TR t /dw will be determined by using ψ and f/f0 values in 
the given range of Reynolds number based on CFD simulation results, 
where f and f0 denote the friction factors with and without HTE and the 
performance evaluation criterion (PEC) ψ is defined as: 

ψ =
Nu/Nu0

(f/f0)
1/3 (1)  

where Nu and Nu0 represent the Nusselt numbers with and without HTE. 
To determine a suitable range of TR, a survey on TR values in the 

literature was carried out, and the TR profile, mean and standard de-
viation are illustrated in Fig. 2 based on TR values in [44,47–55] under 
heat transfer conditions of fluids with constant thermophysical proper-
ties. It is shown that the TR in these studies is 3.78 ± 1.61. Accordingly, 
three values 2.17(=3.78–1.61), 3.78 and 5.39(=3.78 + 1.61) are 
selected and tabulated in Table 1 for the TTI design in the present study. 

2.3. Fluid domain, mesh, flow models and boundary conditions 

The convective heat transfer and turbulent flow of SCO2 in an 
experimental counter-flow tube-in-tube HX without TTI were investi-
gated numerically in [56] and validated with the experimental data in 
[57]. Therefore, the same HX is employed here again to clarify the effect 
of TTI on HTE under SCO2 convective heat transfer conditions. The 
experimental counter-flow tube-in-tube HX with a 500 mm long TTI is 
shown in Fig. 3. The twisted tape was generated by using the Sweep 
method in ANSYS DesignModeler. The geometrical parameters of the 
TIIs are listed in Table 1. The HX is represented by the sole tube model 
[56] to form the computational model with HTE element. 

In the sole tube model, there are the upstream and downstream tubes 
with adiabatic walls, and the inner wall at which a known outward 
uniform wall heat flux qw caused by a counter-flow of chilly water in the 

jacket outside the tube is enforced. At the inlet of the upstream tube, the 
pressure p1 and temperature T1 of SCO2 are known, while the mass flow 
rate of SCO2 is prescribed with πGd2/4 at the outlet of the downstream 
tube, where G is SCO2 mass flux, and d is tube inner diameter (d = 6 
mm). The fluid domain is the fluid enclosed by the inner walls of the gas 
side tube and insert, the inlet, and the outlet, as shown in Fig. 3. 

The CFD software ANSYS CFX 2019R2 was adopted to perform SCO2 
heat transfer simulations in the HX with TTI. The SCO2 simulated here is 
compressible gas, its thermophysical properties depend on both tem-
perature and pressure. The flow of SCO2 is 3D, steady and turbulent, its 
governing equations and SST turbulence model are demonstrated in 
Appendix A. 

Based on the real gas property (RGP) table, the SCO2 thermophysical 
property constants are interpolated with local temperature and pressure 
in the simulated fluid domain using the REFPROP Version 9.0 program 
issued by the National Institute of Standards and Technology. 

Totally, twelve cases were investigated to examine the HTE behav-
iour of the TTI under various conditions of SCO2 mass flux, inlet tem-
perature, inlet pressure and wall heat flux as well as TR, which are 
summarised in Table 2. The corresponding results of simulation in the 
same inlet flow and thermal conditions and geometrical parameters of 
the HX with plain tube (without TTI) were presented in [56] and will be 
used as the basis to evaluate the HTE of TTI. 

The boundary layer y+ value is critical to heat transfer simulation of 
SCO2 flow in a tube, and the accuracy of heat transfer prediction de-
pends on the inflation mesh size near a wall. For the SST model, when y+

was in the range of 1–3, the HTC predicted was in good agreement with 
the experimental data in both sides of the pseudocritical point 
[58,59,56]. In this regard, inflation meshes near the tube and TTI walls 
were paved with the first layer height of 0.005 mm compared with 
0.004 m in the HX tube without TTI. The resulted y+ is in the range of 
1.6–4.0 at G = 200 kg/m2s and p1 = 8 MPa, 2.2–6.0 at G = 400 kg/m2s 
and p1 = 8 MPa, 1.3–3.0 at G = 400 kg/m2s and p1 = 9 MPa, respec-
tively. In most cases, the boundary layer y+ is in the range of 1–3 
basically. The detailed information about meshes can be found in 
Table 3. A close-up of the mesh at TR = 3.78 is illustrated in Fig. 4. 

In the flow and heat transfer simulations, the governing equations in 
Appendix A are discretised by using the finite volume method. Since the 
flow and heat transfer are steady, the temporal terms in the equations 
are eliminated. The convection terms in the RANS equation are 
approximated with the 2nd-order difference scheme (the high-order 
scheme in CFX), while the convection terms in the SST model equa-
tion are done with the 1st-order scheme. The diffusion terms in the 
governing equations are discretised with the 2nd-order central differ-
ence scheme. The tolerance residuals of convergence are selected to be 1 
× 10− 5 for all the variables. 

The SCO2 temperature and pressure are provided at the inlet to the 
tube, while the mass flow rate of SCO2 is specified at the outlet. A known 
outward constant wall heat flux (negative value) is given on the 500 mm 
long cylindrical surface shown in Fig. 3. The rest surfaces are under 

Fig. 1. The geometrical parameters representing a twisted tape insert, (a) assembling of tube and twisted tape insert, (b) the insert with geometrical dimensions.  

Table 1 
The geometrical parameters of the twisted tape inserts.  

Source d(mm) dw(mm) l(mm) δ 
(mm) 

t (mm) t /dw 

[44] 70 65 1500 3  124.8 1.92 
Present 6 5.57 500 0.257  10.70 2.17, 3.78, 5.39  
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adiabatic conditions. CFX expression language is employed to calculate 
SCO2 mass flow rate and apply those conditions to the boundaries. 

In the case of TR = 3.78, a fine mesh presented in Table 3 was created 
as well. The mean SCO2 shear stress τw and temperature Tw at the tube 
wall in the fair and fine meshes are given in Fig. 4 as a function of SCO2 
mean bulk temperature Tb. The two variables show little variation with 
the mesh size; thus, the fair mesh is adopted in the following CFD 
simulations. 

3. Results 

3.1. Overall performance of TTI 

The overall performance of an HX with TTI is characterised by 
contrasting the hydraulic and thermal performance of the HX with TTI 
against the corresponding performance of the HX without TTI. The 
variables describing the overall performance include the friction factor 
ratio f/f0 and the Nusselt number ratio Nu/Nu0 as well as the PEC ψ 

between the two HXs. Based on these variables, the optimal TRs can be 
determined. These variables will be demonstrated under various con-
ditions of TR, mass flux, inlet pressure and wall flux in the following 
sections. The friction factor f and Nusselt number Nu in the HX with TTI 
are calculated by using the following expressions: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

f =
Δptot

ρb

(
l
d

)(
1
2
u2

b

)

Nu =

(
qw

Tb − Tw

)
d
λb

(2)  

where Δptot is the difference in the total pressure of SCO2 flowing across 
the tube with TTI, ρb and ub are the mean bulk density and bulk velocity 
of SCO2 in the tube with TTI, Tb and Tw are the mean bulk temperature of 
SCO2 in the tube with TTI and the mean wall temperature, λb is the mean 
bulk thermal conductivity of SCO2 in the tube with TTI. Those param-
eters were extracted from the CFX result files in CFX-Post. The 

Fig. 2. The TR profile, mean and standard deviation, the TR values are obtained from [44,47–55].  

Fig. 3. The fluid domain of an experimental counter-flow tube-in-tube heat exchanger of SCO2 with TTI.  
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calculating expressions for f0 and Nu0 are the same as f and Nu, except 
for using the values of total pressure, mean bulk parameters and wall 
temperature in the HX without TTI. 

The f0 and Nu0 values in the HX without TII were predicted with the 
same method here by employing Mesh2 in Table 3, and are illustrated in 
Fig. 5 in terms of the mean bulk temperature Tb and Reynolds number 
Re. The details of the CFD simulations can be referred to [56]. Those f0 
and Nu0 will be used to calculate the ratios f/f0, Nu/Nu0 and PEC ψ to 
assess the HTE of TTI at the same Tb and Re. 

In these curves, f0 rises steadily with decreasing Tb or Re; Nu0, 
however, arrives at the maximum values at the pseudocritical points, 
and then levels off with increasing or decreasing Tb and Re. 

3.1.1. Effects of SCO2 mass flux 
The friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, and PEC 

ψ at two mass fluxes G = 200, 400 kg/m2s, inlet pressure p1 = 8 MPa and 
wall heat flux qw = 12 kW/m2 are plotted as a function of SCO2 mean 
bulk temperature Tb in Fig. 6(a)–(c). To identify the features in the f/f0, 
Nu/Nu0 and ψ curves, the experimental data of the f/f0, Nu/Nu0 and ψ 
on common fluids such as air [44] and water [55], respectively, are 
illustrated in the figure based on the Reynolds number Re at the tube 
inlet. For SCO2, the f/f0, Nu/Nu0 and ψ curves exhibit a sharp change 
across the pseudocritical point (Tc = 34.5 ℃). Both the Nu/Nu0 and ψ 
curves are in the maximum at the point, then level off quickly with 
increasing or decreasing Tb. There is the best HTE near the pseudocrit-
ical point for the TTIs based on ψ values. The HTE in the left-hand side of 
the point is better than the right-hand side of the point at G = 200 kg/ 

m2s. This situation, however, is reversed at G = 400 kg/m2s. The TTI 
with TR = 2.17 results in the highest f/f0, Nu/Nu0 and ψ at G = 200 kg/ 
m2s. The TTIs with TR = 3.78, 5.39 are better than the TTI with TR =
2.17 in terms of Nu/Nu0 and ψ at G = 400 kg/m2s. This fact implies that 
the TTI with TR = 2.17 is more likely suitable to a low SCO2 mass flux, 
while the TTIs with TR = 3.78, 5.39 are more suitable to a high mass 
flux. 

In Fig. 6(d)–(f), the f/f0, Nu/Nu0 and ψ curves are illustrated as a 
function of Reynolds number Re at the tube inlet and compared with 
similar experimental data using water and air. The higher the inlet 
temperature T1, the larger the mean bulk temperature Tb, and the 
greater the Reynolds number Re. The more the mass flux, the higher the 
Reynolds number Re as well. When Re varies in the range of 
6000–19,000, f/f0=4.45–8.50 (far left of Tc), 3.63–7.29 (at Tc), 
3.15–7.07 (far right of Tc), Nu/Nu0=1.56–3.51 (far left of Tc), 3.43–5.75 
(at Tc), 1.68–2.05 (far right of Tc), and ψ = 0.95–1.64 (far left of Tc), 
1.90–2.94 (at Tc), 0.94–1.17 (far right of Tc) are held. The predicted f/f0 
curves of SCO2 are similar to those of air and water, but above the 
experimental curves of them. The Λ-shaped Nu/Nu0 and ψ curves are 
demonstrated, but the curves at G = 400 kg/m2s move to the region with 
high Re, and the Nu/Nu0 and ψ values are lowered in comparison with 
the curves at G = 200 kg/m2s. This means that the effect of TTI on HTE 
gets weakened with increasing Re. This feature is the same as that in the 
thermal performance of TTI in convective heat transfer of air and water. 
Except in the region near the pseudocritical point, the predicted Nu/Nu0 
and ψ values of SCO2 are comparable to the experimental data of air and 
water, the predicted f/f0 values are all larger than the experimental data 
of air and water at TR = 2.17, 3.78, 5.39. There is an operational con-
dition (Tb ≤ 33 ℃ or T1 ≤ 34 ℃) where the PEC is ψ < 1 at G = 400 kg/ 
m2s. Although the TTI can enhance heat transfer under the condition of 
ψ < 1, this enhancement is not economical, and should not be 
recommended. 

3.1.2. Effects of SCO2 inlet pressure 
The friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, and PEC 

ψ in two inlet pressures p1 = 8, 9 MPa, wall heat flux qw = 12 kW/m2 and 
mass flux G = 400 kg/m2s are demonstrated as a function of SCO2 mean 
bulk temperature Tb and Reynolds number at the tube inlet Re in Fig. 7. 
Likewise, the f/f0 curve against Tb has a jump across each the pseu-
docritical point, while the Nu/Nu0, and ψ curves are in the peaks at two 

Table 2 
The cases studied in the SCO2 heat transfer simulations for the HXs with TTI.  

Inner 
diameter, d 
(mm) 

TR Mass 
flux, G 
(kg/ 
m2 s) 

Wall 
heat 
flux, 
qw 

(kW/ 
m2) 

Inlet 
pressure, 
p1 (MPa) 

Inlet 
temperature, 
T1 (℃) 

6 2.17,3.78,5.39 200 12 8 26–65 
24 30–70 

400 12 26–60 
12 9 22.5–70  

Table 3 
The information on the meshes in the fluid domain of the HX with TTI.  

Sole tube geometrical model with TTI without TTI 

TR 2.17 3.78 5.39 Mesh2 
fair fair fine fair 

Element size(mm) 0.45 0.45 0.4 0.45 0.4 
Nodes 2,065,363 2,004,005 2,400,712 1,948,034 773,564 
Elements Total 5,411,115 5,234,579 6,231,617 5,096,858 1,812,034 

Pyr5 109,650(2%) 97,537(2%) 100,840(2%) 96,079(2%) 0(0%) 
Tet4 2,171,031(40%) 206,226(36%) 206,226(39%) 2,038,438(40%) 565,474(31%) 
Wed6 3,130,434(58%) 3,597,046(62%) 3,597,046(59%) 2,962,431(58%) 1,246,560(69%) 

Element quality 0.3671 ± 0.3610 0.3651 ± 0.3611 0.3512 ± 0.3722 0.3645 ± 0.3712 0.3244 ± 0.3457 
Aspect ratio 22.72 ± 26.80 22.99 ± 28.84 28.42 ± 34.18 23.74 ± 26.29 22.73 ± 23.46 
Skewness 0.2365 ± 0.2141 0.2347 ± 0.2121 0.2418 ± 0.2204 0.2188 ± 0.2121 0.1147 ± 0.1205 
Orthogonal quality 0.7473 ± 0.2296 0.7498 ± 0.2271 0.7390 ± 0.2422 0.7607 ± 0.2320 0.8828 ± 0.1198 
Inflation mesh for boundary layer First layer height (mm) tube 0.005 0.005 0.004 0.005 0.004 

TTI 0.0055 0.0055 0.004 0.0055 N/A 
Number of layers tube 14 14 14 14 14 

TTI 16 16 16 16 N/A 
Growth rate 1.2 1.2 1.2 1.2 1.2 

y+ G = 400 kg/m2s 
qw = 12 kW/m2 

p1 = 8 MPa 
T1 = 26–60℃ 

2.43–6.20 2.23–6.03 1.79–4.86 2.19–5.90 0.86–2.67 

Pry5-five-node pyramid element, Tet4-four-node tetrahedron element, We6-six-node wedge element, y+=
̅̅̅̅̅̅̅̅̅̅
τw/ρ

√
yn/ν, where τw is the shear stress at the wall, yn is the 

distance to the nearest wall and ν is the local kinematic viscosity of SCO2; y+ rises with increasing T1.  
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pseudocritical points (Tc = 34.5 ℃ in p1 = 8 MPa, Tc = 40 ℃ in p1 = 9 
MPa). The peak SCO2 specific heat capacity at the pseudocritical point 
and p1 = 9 MPa is 12.8 kJ/kg K compared with 35.2 kJ/kg K at the 
pseudocritical point (Tc = 34.5 ℃) in p1 = 8 MPa, i.e., the former is 
63.6% smaller than the latter. Further, the SCO2 specific heat capacity 
curve in p1 = 9 MPa varies with temperature less significantly than the 
curve in p1 = 8 MPa. Therefore, Nu/Nu0, and ψ curves in p1 = 9 MPa are 
flatter than those in p1 = 8 MPa but also have lower Nu/Nu0, and ψ peak 
values than the latter. For the TTIs with TR = 2.17, 3.78, 5.39, their ψ 
curves are greater than 1 in p1 = 9 MPa. The TTI with TR = 3.78 is more 
suitable to the p1 = 9 MPa operational condition. 

When the SCO2 mass flux, inlet temperature and tube diameter are 
given, the Reynolds number in p1 = 9 MPa is smaller than the number in 
p1 = 8 MPa due to increased SCO2 density and less variation of dynamic 
viscosity. As a result, the f/f0, Nu/Nu0, and ψ curves in p1 = 9 MPa shift 
to the left of the curves in p1 = 8 MPa. When the inlet pressure increases 
to 9 MPa from 8 MPa, f/f0=4.45–11.00 (far left of Tc), 4.15–8.34 (at Tc), 
3.15–7.14 (far right of Tc), Nu/Nu0=1.56–3.00 (far left of Tc), 3.86–3.54 
(at Tc), 1.68–2.05 (far right of Tc), andψ = 0.95–1.37 (far left of Tc), 
2.24–1.79 (at Tc), 0.94–1.28 (far right of Tc) persist. The predicted f/f0 
values are much larger than the f/f0 experimental data of water and air, 
but also show a sharper slope against decreasing Re than the latter. The 
estimated Nu/Nu0, and ψ values are comparable to the counterparts of 
water and air, especially for the case of p1 = 9 MPa. This fact suggests the 
Nu/Nu0, and ψ curves will approach to those of water and air gradually 
when the SCO2 inlet pressure increases steadily. 

3.1.3. Effects of wall heat flux 
The friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, and PEC 

ψ in two wall heat fluxes qw = 12, 24 kW/m2, inlet pressures p1 = 8 MPa 
and mass flux G = 200 kg/m2s are illustrated as a function of SCO2 mean 
bulk temperature Tb and Reynolds number at the tube inlet Re in Fig. 8. 
When the SCO2 mass flux and inlet pressure are given, the wall heat flux 
can alter the SCO2 mean HTC but not the Reynolds number Re. Thus, the 
f/f0, Nu/Nu0, and ψ curves in qw = 12 kW/m2 don’t shift relatively to 
those in qw = 24 kW/m2 in the abscissa direction but can move in the 
ordinate direction. The TTIs in qw = 24 kW/m2 performs better than in 
qw = 12 kW/m2. When Re is in the range of 6000–19000, 
f/f0=4.64–10.85 (far left of Tc), 4.15–8.71 (at Tc), 4.01–8.19 (far right 
of Tc), Nu/Nu0=2.73–4.48 (far left of Tc), 3.93–6.93 (at Tc), 1.76–1.96 
(far right of Tc), and ψ = 1.64–2.02 (far left of Tc), 2.83–3.33 (at Tc), 
1.06–1.13 (far right of Tc) yield. The numerical values of f/f0 are 
considerably higher than the experimental data of water and air. The 
predicted Nu/Nu0 and ψ values are essentially in line with the experi-
mental Nu/Nu0 and ψ values of water and air. The Nu/Nu0 and ψ curves 
drop off quickly in the right-hand side of the pseudocritical point. In the 
given mass flux, inlet pressure and wall heat flux, the condition ψ ≥ 1 is 
held, and TR has the largest influence on ψ when TR values are ranged in 
2.17 and 3.78. 

3.1.4. Optimal TR 
When the optimal TR is determined, the f/f0 and ψ should be 

considered together. The ψ-f/f0 curves are present in Fig. 9 in various 
mass fluxes, inlet pressures and wall heat fluxes. In the experiment data 
[44,55], the maximum f/f0 is smaller than 5. Therefore, f/f0≤5 is 
adopted as the criterion for determining the optimal TR in terms of ψ. 
Based on Fig. 9, TR = 3.78 appears to be the optimal TR under the 
operational condition of G = 200 kg/m2s, p1=8 MPa and qw = 12 kW/ 

Fig. 4. The close-up of the mesh in fluid domain of the HX with TTI and SCO2 mean shear stress and temperature at the tube wall, (a) the mesh near the tube inlet, (b) 
the mesh near the TTI inlet, (c) mean wall temperature Tw and mean wall shear stress at the tube wall in the fair mesh (line) and fine mesh (symbol). 
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m2; whilst TR = 5.39 should be the optimal value under the condition of 
G = 400 kg/m2s, p1=8, 9 MPa and qw = 12 kW/m2 or G = 200 kg/m2s, 
p1=8 MPa and qw = 24 kW/m2. Clearly, those optimal TR values need to 
be confirmed by experiment late on in our laboratory. 

3.2. Characterisation of thermal performance of TTI 

The TTI is the key element for HTE in an HX, but how to characterise 
the thermal performance of a TTI is an important but neglected issue in 
the literature. Here the thermal performance of a TTI is referred to as a 
relationship between a fluid dynamic parameter and the HTC in the HX 
with TTI. The relationship will reflect the HTE caused by TTIs. A TTI 
results in a fluid element into the rotation to form a vortex around the 
axis of the TTI or a streamline itself as soon as the fluid enters the TTI, as 
shown in Fig. 10. Additionally, the thermal and fluid parameters of SCO2 
vary not only in both the radial and the circumferential directions but 
also in the axial direction, see Fig. 11. To simplify the characterisation of 
thermal performance of TTI, the radial and circumferential average, i.e., 
cross-sectional average thermal and fluid parameters in the inlet and 
outlet of the TTI and ten cross-sections equally distributed along the axis 
of the TTI, as illustrated in Fig. 11, are extracted and analysed. 

The absolute helicity H and vorticity (velocity curl) Ω can potentially 
be employed as the parameters to determine vortex shape or region in a 
TTI. The absolute helicity H is the absolute value of the dot product of 
the velocity vector and vorticity vector of fluid. The vorticity Ω is the 
magnitude of the vorticity vector of fluid. The mathematic expressions 
of the two parameters are present in Appendix B and their details can be 

found in [60,61]. As an example, the vortex regions identified by using 
the absolute helicity H and vorticity Ω are illustrated in Fig. 12 under the 
conditions: TR = 3.78, G=200 kg/m2s, p1=8 MPa, T1=45 ℃, qw=24 
kW/m2 based on the thresholds: H=165, 1646 m/s2, Ω=474, 18,956 
s− 1, respectively. The vortex regions identified by the small thresholds 
are in the channel of the TTI, while the regions determined by the large 
thresholds mainly accumulate on the surfaces of the TTI and in the 
corners between the TTI and the tube wall. Notably, the vortex regions 
given by the two parameters are similar in shape. The vortex regions 
identified by the vorticity are more extensively concentrated in the 
boundary layer where the highest vorticity is generated by the shearing 
effect. The vortex regions given by the absolute helicity have a little 
effect caused by the boundary layer and more likely reflect the rotation 
of fluid, because H = 0 is held theoretically at the wall. The shapes of the 
vortex regions determined with reduced absolute helicity and vorticity 
thresholds at low inlet temperatures are similar to the shapes at T1 = 45 
℃, thus are no longer illustrated. 

The local Nusselt number contours on the insert and tube wall are 
illustrated in Fig. 13, where the local Nusselt number has defined the 
ratio of the product of the local wall HTC and tube inner diameter to the 
local thermal conductivity of SCO2 under the conditions such as TR =
3.78, G=200 kg/m2s, p1=8 MPa, T1=32, 36, 45 ℃, and qw = 24 kW/m2. 
The local wall HTC is calculated by the local wall heat flux divided by 
the difference between local wall adjacent temperature and local wall 
temperature. The higher local Nusselt number is found near the 
circumferential tip and the lower number is located in the central area 
on the tape surface. Similarly, the higher local Nusselt number on the 

Fig. 5. The friction factor f0 and Nusselt number Nu0 in the HX without TII in two mass fluxes, inlet pressures and wall heat fluxes, respectively, (a)–(c) as a function 
of mean bulk temperature Tb, (d)–(f) as a function of Reynolds number at the tube inlet Re. 
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Fig. 6. The friction factor f/f0, Nusselt number ratio Nu/Nu0, and PEC ψ curves of the HXs with TTI in two mass fluxes of G = 200, 400 kg/m2s, (a)–(c) plotted as a 
function of SCO2 mean bulk temperature Tb, (d)–(f) plotted as a function of Reynolds number at the tube inlet Re, the experimental data of Bhuiya et al. (2013) for air 
are adapted from [44], the data of Hazbehian et al. (2016) for water are from [55]. 
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Fig. 7. The friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, and PEC ψ curves of the HXs with TTI in two SCO2 inlet pressures of p1 = 8, 9 MPa, (a)–(c) plotted 
as a function of SCO2 mean bulk temperature Tb, (d)–(f) plotted as a function of Reynolds number at the tube inlet Re, the experimental data of Bhuiya et al. (2013) 
for air are adapted from [44], the data of Hazbehian et al. (2016) for water are from [55]. 
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Fig. 8. The friction factor ratio f/f0, Nusselt number ratio Nu/Nu0, and PEC ψ curves of the HX with TTI in two wall heat fluxes of qw = 12, 24 kW/m2 caused by cold 
water, (a)–(c) plotted as a function of SCO2 bulk temperature Tb, (d)–(f) plotted as a function of Reynolds number at the tube inlet Re, the experimental data of 
Bhuiya et al. (2013) for air are adapted from [44], the data of Hazbehian et al. (2016) for water are from [55]. 
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tube wall is accumulated in the areas near the insert tip, while the lower 
Nusselt number is identified on the tube wall far off the insert tip. 
Compared with Fig. 12, the areas with a higher local Nusselt number 
coincide with the areas in a larger absolute helicity and vorticity of 
SCO2. This fact suggests that the vortex kinetics should play a role in the 
HTE induced by a TTI. 

The cross-sectional mean absolute helicity Hb is plotted against the 
cross-sectional mean velocity curl Ωb in Fig. 14 for three cases. Essen-
tially, Hb rises with increasing Ωb, especially, Hb can be correlated with 
Ωb at a given inlet temperature. In this context, we can make use of 
either one of them to identify the vortex region and characterise the 
thermal performance of a TTI. Since the cross-sectional mean absolute 
helicity Hb represents the rotation of fluid in a more extensive degree 
than the mean velocity curl Ωb does, Hb is adopted here. 

To demonstrate if the cross-sectional mean absolute helicity Hb can 

reflect the influence caused by the change in SCO2 mass flux, inlet 
pressure, wall heat flux and TR, the Hb/Hb1-z/l and Uwb-Hb curves under 
the conditions of variable SCO2 mass flux, inlet pressure, wall heat flux 
and TR are composed and demonstrated in Fig. 15, respectively, where 
Hb1 is the mean absolute helicity at the TTI entrance. Uwb is the mean 
wall HTC of ten cross-sections shown in Fig. 11. The individual wall HTC 
Uw for calculating Uwb is estimated in CFX-Post by using the following 
formula [62]. 

Uw =
qw

Tnw − Tw
(3)  

where Tnw is wall adjacent temperature, which is the average tempera-
ture in the element adjacent to the wall, Tw is wall temperature, which is 
calculated from the thermal wall function expressed with Eq. (A.13) in 
Appendix A. 

Fig. 9. The PEC ψ curves in terms of friction factor ratio f/f0 under two different SCO2 mass flux, inlet pressure and wall heat flux conditions, (a) variable mass flux 
G, (b) variable inlet pressure p1, (c) variable wall heat flux qw.

Fig. 10. The streamlines of SCO2 flowing in the HX with a TTI under the conditions: TR = 3.78, G=200 kg/m2s, p1=8 MPa, T1=45 ℃, qw=24 kW/m2.  
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Fig. 11. The SCO2 temperature contours on the surface of the TTI and in the ten cross-sections equally distributed (50 mm gap) across the tube under the conditions: 
TR = 3.78, G=200 kg/m2s, p1=8 MPa, T1=45, 36, 32 ℃, qw=24 kW/m2. 

Fig. 12. The vortex region determined by the absolute helicity H and velocity curl Ω, respectively, (a) and (b) the vortex region by the helicity H, (c) and(d) the 
vortex region by the curl Ω, under the conditions: TR = 3.78, G=200 kg/m2s, p1=8 MPa, T1=45 ℃, and qw = 24 kW/m2. 
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In Fig. 15(a), the parameter Hb/Hb1 rises rapidly in the range z/l =
0–0.2 after SCO2 enters the TTI, then experiences a slight increase until 
z/l = 0.8, and levels off toward the outlet. Thus, the mechanism of HTE 
by a TTI may be associated with absolute helicity. In Fig. 15(b), the 
cross-sectional mean wall HTC Uwb can be correlated linearly with the 
cross-sectional mean absolute helicity Hb. The Uwb value determined by 
the linear correlation and its slope connect with the HTE generated by 
the TTI. Specially, the higher the Uwb value, the better the HTE; the 
larger slope, the more sensitive the Uwb in response to the change in the 
absolute helicity of the vortex generated by the TTI, and eventually the 
more efficient the HTE. Based on Fig. 6 the thermal performance of the 

TTI with TR = 3.78 in G = 200 kg/m2s is better than in G = 400 kg/m2s. 
The Uwb value and its slope in terms of Hb in G = 200 kg/m2s are 
consistently larger than those in G = 400 kg/m2s at a given inlet 
temperature. 

In Fig. 15(c), the Hb/Hb1 curves at T1 = 45, 36(near the pseudoc-
ritical point), 30 ℃ in p1 = 8 MPa inlet pressure are below the curves at 
T1 = 45, 41(near the pseudocritical point), 30 ℃ in p1 = 9 MPa inlet 
pressure, but also Hb/Hb1 increases along the axis of TTI in the former 
faster than in the latter. The slopes of the corresponding Uwb-Hb corre-
lations in the former are steeper than in the latter, as shown in Fig. 15(d). 
Except near the pseudocritical point, the Uwb values in p1 = 8 MPa inlet 

Fig. 13. The local Nusselt number contours on the insert and tube wall, the number is defined the ratio of the product of local wall heat transfer coefficient and tube 
inner diameter to the local thermal conductivity of SCO2 under the conditions: TR = 3.78, G=200 kg/m2s, p1=8 MPa, T1=32, 36, 45 ℃, and qw = 24 kW/m2, the 
local wall heat transfer coefficient is calculated by the local wall heat flux divided by the difference between local wall adjacent temperature and local wall 
temperature. 
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pressure are smaller than the values in p1 = 9 MPa inlet pressure. This 
suggests that the thermal performance of the TTI in p1 = 8 MPa inlet 
pressure is better near the pseudocritical point but poorer on both the 
left- and right-hand sides of the point. This situation is coincident with 
that presented in Fig. 7. 

In Fig. 15(e), the Hb/Hb1 curve in qw = 12 kW/m2 wall heat flux is 
similar to the curve in qw = 24 kW/m2 wall heat flux at T1 = 45, 36, 30 
℃, but slightly higher than the latter. The slopes of the Uwb-Hb corre-
lations in qw = 12 kW/m2 are a little flatter than in qw = 24 kW/m2, and 
the Uwb values are lower than in the latter at the three inlet tempera-
tures, as demonstrated in Fig. 15(f). This means that the thermal per-
formance of the TTI in qw = 24 kW/m2 is better than in qw = 12 kW/m2. 
This outcome agrees with that in Fig. 8. 

In Fig. 15(g), the Hb/Hb1 curves at TR = 2.17 are all above the curves 
at TR = 3.78 at T1 = 45, 36, 30 ℃, and increase quicker and higher than 
the latter, suggesting the stronger absolute helicity at TR = 2.17. The 
slopes of the Uwb-Hb correlations at TR = 2.17 are steeper than at TR =
3.78, especially at T1 = 36, 30 ℃. The Uwb values at TR = 2.17 are lower 
than the values at TR = 3.78 in most region of Hb. In the rest region (high 
Hb), however, the Uwb values at TR = 2.17 are larger than those at TR =
3.78, as indicated in Fig. 15(h). When the inlet temperatures are T1 =

36, 30 ℃, the mean Uwb across the Hb range at TR = 2.17 is slightly 
larger than the mean at TR = 3.78. When the inlet temperature is T1 =

45℃, the mean Uwb at TR = 2.17 is slightly smaller than the mean at TR 
= 3.78. Therefore, the thermal performance of the TTI at TR = 2.17 
should be a little better than the performance at TR = 3.78. This result is 
comparable to that in Fig. 6. 

4. Discussion 

In the present article, three TTIs were designed for an experimental 
counter-flow tube-in-tube HX based on the information available about 
TTIs in the literature. Then, the convective heat transfer of SCO2 was 
simulated based on the 3D RANS and SST flow models by using CFD 
method under variable conditions in TR, mass flux, inlet pressure, wall 
heat flux when the SCO2 inlet temperature varies in a range. The optimal 

TRs were determined based on the ψ curve and f/f0 ≤ 5 criterion. The 
thermal performance of the TTIs was characterised by means of cross- 
sectional average absolute helicity and wall HTC. It is the first time 
for TTIs being investigated under SCO2 flow conditions and charac-
terised by the cross-sectional average absolute helicity in the literature. 

The swirling strength Y associated with the analysis of eigenvalues of 
velocity gradient tensor in Appendix B is often adopted to identify vortex 
regions in a flow field. To confirm if the swirling strength is applicable to 
the vortex in a TTI or not, the vortex region was determined with the 
strength at a threshold Y = 396 s− 1, the Yb/Yb1-z/l and Uwb-Yb curves 
were generated under the conditions: TR = 3.78, G=200, 400 kg/m2s, 
p1=8 MPa, T1=45, 36, 30 ℃, and qw = 24 kW/m2, as shown in Fig. 16, 
where Yb1 is the Yb at the TTI inlet. It can be seen that the vortex region 
is located in the corners between the TTI and the tube wall, and at the 
tube wall with many spots. The swirling strength Y seems to be unable to 
exclude the vorticity in the boundary layer. The Yb/Yb1 curves in 200 
kg/m2s rise steadily along the tube after SCO2 enters the TTI; in 400 kg/ 
m2s, however, the Yb/Yb1 curves ascend quickly in the range of z/l =
0–0.2, then experience a slight increase until the exit. Furthermore, the 
Yb/Yb1 curve at T1 = 45℃ overlaps the curve at T1 = 36℃. Based on 
Fig. 6 the thermal performance of the TTI with TR = 3.78 in G = 200 kg/ 
m2s is better than in G = 400 kg/m2s. Unfortunately, the Uwb value and 
its slope of the correlation between Uwb and Yb in G = 200 kg/m2s are 
not consistently superior to those in G = 400 kg/m2s. Considering the 
behaviour of the swirling strength Y in the vortex identification and the 
presentation of Yb/Yb1-z/l and Uwb-Yb curves, the swirling strength Y 
might not be the best indicator for representing the thermal performance 
of a TTI. 

According to Fig. 16, the TTI with a nearly linear Hb/Hb1-z/l curve 
and larger slope as well as smaller Hb level corresponds to a better 
thermal performance in most cases. To achieve this goal, a variable pitch 
might be adopted. Nonetheless, an experimental validation of this 
finding is needed. The optimal level of absolute helicity needs to be 
determined for a given TTI under various operational conditions or for a 
given operational condition in various geometries of a TTI in the future. 

Note that there are a few limitations to this paper. First, there is no 

Fig. 14. The cross-sectional mean absolute helicity Hb versus the cross-sectional velocity curl Ωb for three cases, (a) TR = 3.78, G=200, 400 kg/m2s, p1=8 MPa, 
T1=45, 36, 30 ℃, qw=12 kW/m2 (b) TR = 3.78, G=200 kg/m2s, p1=8, 9 MPa, T1=45, 41, 30 ℃, and qw = 12 kW/m2. 
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experimental data on the thermal-hydraulic performance of a TTI in a 
tube under SCO2 flow conditions in the literature to validate the pre-
dicted friction factor and Nusselt number in the tube with the TTI. A 
large number of experiments on the friction factor and Nusselt number 
in tubes with TTIs exist when air or water was employed as a working 
fluid in the literature, but the thermal conditions such as inlet or outlet 
temperature, wall temperature or wall heat flux were not provided, 
hence a heat transfer simulation of TTIs cannot be conducted. Hopefully, 
the numerical results will be validated by using our own experimental 
data in the future. Second, the TTIs with TR = 2.17, 3.78, 5.39 were not 
perforated in this basic work. It is very hopeful this limitation can be 
turned down in the future. Third, the optimal TRs have been determined 
according to the ψ-f/f0 curves predicted with CFD simulations. Never-
theless, these optimal TR values should be confirmed experimentally in 
the future. Fourth, the variation of TR is concerned only in the study. In 

fact, a great number of factors such as TTI type, configuration, TR, tape 
aspect ratio, gap between the TTI tip and the tube wall, tape thickness, 
hole size of perforated tape and operational parameters etc can influence 
the thermal–hydraulic performance of TTIs. To sort out the complicated 
effects of those factors on thermal–hydraulic performance, the database 
of existing studies on TTIs should be analysed by employing machine 
learning method in the future. Applications of artificial neural network 
to the analysis of the thermal–hydraulic performance of solar air col-
lectors [63], a solar air heater with circular perforated absorber plate 
[64], a triple concentric-tube HX with corrugated tubes [65] and HXs 
enhanced by delta-wing tape inserts [66] have provided excellent ex-
amples for that purpose. 

Recently, a couple of different types of HXs have been investigated 
for the recuperator when SCO2 is employed as the energy transport 
medium in power systems with the Brayton cycle, for instance, PCHEs 

Fig. 15. The dimensionless cross-sectional mean absolute helicity Hb/Hb1 is as a function of dimensionless axial coordinate z/l, and the cross-sectional mean wall 
heat transfer coefficient Uwb curves are against the cross-sectional mean absolute helicity Hb, (a) and (b) under the conditions: TR = 3.78, G = 200, 400 kg/m2s, p1 =

8 MPa, T1 = 45, 36, 30 ℃, qw = 12 kW/m2, (c) and (d) under the conditions: TR = 3.78, G = 400 kg/m2s, qw = 12 kW/m2, p1 = 8, 9 MPa, (e) and (f) under the 
conditions: TR = 3.78, G = 200 kg/m2s, qw = 12, 24 kW/m2, p1 = 8 MPa, (g) and (h) under the conditions: TR = 2.17, 3.78, G = 200 kg/m2s, qw = 12 kW/m2, p1 =

8 MPa. 
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[67], HXs with serpentine channels [68] or coils [69], Kenics static 
mixer as HX [70], and minimal surface HXs [71]. Compared with 
PCHEs, minimal surfaces HXs suffer from less flow resistance, thus 
whether they can be adopted in water-cooled counter-flow tube-in-tube 
HXs of SCO2 is worth being explored in the future. 

5. Conclusions 

For an experimental SCO2 counter-flow tube-in-tube HX, the TTIs 
with different TRs were designed, and the convective heat transfer of 
SCO2 flowing through the HX tube with a TTI was simulated in ANSYS 
CFX 2019R2 based on the 3D RANS flow and SST turbulence models at 
various SCO2 inlet temperatures. The effects of TR, mass flux, inlet 
pressure and wall heat flux on the thermal-hydraulic performance of the 
TTIs were evaluated. The optimal TRs were identified for different flow 
and thermal conditions by means of the ψ curve and f/f0 ≤ 5 criterion. 
The thermal performance of the TTI was characterised in terms of cross- 
sectional average absolute helicity. It turned out that the SCO2 ther-
mophysical property has a dominant influence on Nu/Nu0 and ψ curves. 
The maximum HTE occurs at the pseudocritical point and is around 
(2–3) folds better than the HTE under water or air flow conditions in 
terms of Nu/Nu0 and ψ . The HTE drops off quickly on both the left- and 
right-hand sides of the point and approaches the HTE curves of water 
and air progressively based on Nu/Nu0 and ψ. At the pseudocritical 

point, f/f0=3.63–7.29, Nu/Nu0=3.43–5.75 and ψ = 1.90–2.94 are held 
in the inlet pressure of 8 MPa, mass flux of 200 kg/m2s and qw = 12 kW/ 
m2 when TRs are in the values of 2.17, 3.78 and 5.39. An increased mass 
flux worsens the HTE on both sides of the pseudocritical point, especially 
on the left-hand side. An increased inlet pressure makes Nu/Nu0 and ψ 
curves flat, thereby leading them to be closer to the Nu/Nu0 and ψ curves 
of water and air. A large wall heat flux can raise the whole HTE curve 
insignificantly. The determination of optimal TR depends on SCO2 
operational conditions. TR = 3.78 likely is the optimal TR under the 
condition of G = 200 kg/m2s, p1=8 MPa and qw = 12 kW/m2, while TR 
= 5.39 can be the optimal value for the condition of G = 400 kg/m2s, 
p1=8, 9 MPa and qw = 12 kW/m2 or G = 200 kg/m2s, p1=8 MPa and qw 
= 24 kW/m2. The cross-sectional mean wall heat transfer coefficient- 
absolute helicity curve can be used to characterise the thermal perfor-
mance of a TTI. The water-cooled tube-in-tube HX with TTI for SCO2 
should work in a region near the pseudocritical point as close as possible 
to achieve the best HTE. 
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Appendix A 

The governing equations of flow and heat transfer models 

For subsonic, compressible SCO2, the 3D RANS equations and energy equation with eddy viscosity turbulence models are written as [72]. 

∂ρ
∂t

+
∂

∂xj

(
ρuj

)
= 0 (A.1)  

∂
∂t
(ρui) +

∂
∂xj

(
ρuiuj

)
= −

∂
∂xi

(

p +
2
3

ρk
)

+
∂

∂xj

[

(μ + μt)

(
∂ui

∂xj
+

∂uj

∂xi

)]

+ Si (A.2) 

Fig. 16. The vortex region determined by the swirling strength Y at a threshold Y = 396 s− 1 (a), Yb/Yb1-z/l curves (b), and Uwb-Yb curves (c) under the conditions: 
TR = 3.78, G=200, 400 kg/m2s, p1=8 MPa, T1=45, 36, 30 ℃, and qw = 24 kW/m2. 
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∂
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[

ρ
(
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1
2
uiui + k

)]

−
∂p
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+
∂

∂xj

[

ρuj

(

h +
1
2
uiui + k

)]

=
∂

∂xj

(

λ
∂T
∂xj

+
μt

Prt

∂h
∂xj

)

+ SE (A.3) 

where ρ is the density of SCO2, t is time, ui and uj are the Reynolds or time-averaged velocity of SCO2 in the coordinate xi and xj directions, 
respectively; i and j are the coordinate index, i, j=1,2,3; p is the pressure of SCO2, k is the turbulent kinetic energy, k = 1

2u
’2
i , u’

i is turbulent fluctuation 
velocity of SCO2, μ is the dynamic viscosity of SCO2,; μt is the turbulent eddy viscosity, Si is the specific body force,Si = 0 is held here, h is the enthalpy 
of SCO2, λ is the thermal conductivity of SCO2, T is the temperature of SCO2, Prt is the turbulent Prandtl number, Prt=0.9, SE is the source term of 
energy, SE=0 here; ρ, μ and λ are given by the RGP table. 

The SST turbulence model was employed in the article. The SST model is a blended version of the Wilcox k-ω model and the standard k-ε model. 
The flow near the wall is handled by the Wilcox k-ω model, but the core flow is simulated by the standard k-ε model. To consider the transport of the 
shear stress, the overprediction of turbulent eddy viscosity is suppressed [73]. The Wilcox k-ω model reads as [72]. 

∂
∂t
(ρk) +

∂
∂xj

(
ρujk

)
=

∂
∂xj

[(

μ +
μt

σk1

)
∂k
∂xj

]

+Pk − βkρkω+Pkb (A.4)  

∂
∂t
(ρω)+ ∂

∂xj

(
ρujω

)
=

∂
∂xj

[(

μ +
μt

σω1

)
∂ω
∂xj

]

+
α1

νt
Pk − β1ρkω2 +Pωb (A.5)  

where σk1, βk, σω1, α1 and β1 are the model constants, σk1=σω1 = 2, α1=5/9, βk=0.09, β1=0.075; Pkb and Pωb are the buoyancy production term in the 
k-equation and ω-equation, respectively; since the SCO2 inlet temperature is low, the two production terms are ignored. The transformed standard k-ε 
model is written as: 

∂
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∂
∂xj

(
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)
=

∂
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)
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∂ω
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where σk2, σω2, α2 and β2 are the model constants, σk2=1, σω2=1/0.856, α2=0.44, β2=0.0828. 
By using a blending function F1, Eq.(A.4) and (A.6), Eq.(A.5) and (A.7) are combined in such a way: F1 × Eq. (A.4) + (1 − F1) × Eq. (A.6) and F1 ×

Eq. (A.5) + (1 − F1) × Eq. (A.7), respectively, then the blended k-ω model is obtained: 
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∂
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where σk3, σω3, α3 and β3 are the blended model constants, expressed as σk3=F1σk1+β1(1-F1)σk2, σω3=F1σω1+(1-F1)σω2, α3=F1α1+(1-F1)α2, and 
β3=F1β1+(1-F1)β2; F1 is a blending function between the Wilcox k-ω model and the standard k-ε model, especially, F1=1 at the wall, F1=0 in the core 
flow, and 0 < F1 < 1 between the wall and the core flow. A specific expression for F1 is written as [72,73]: 
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(A.10)  

where ν is the kinematic viscosity of SCO2, yn is the distance the nearest wall. 
To take the SST into account, the eddy viscosity should be limited in a manner. In [73], a mathematical expression was proposed to remove the 

overprediction of the eddy viscosity, i.e. 
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(A.11)  

where a1 is a constant,a1 = 0.31, γ is the magnitude of the strain rate and γij represents the strain rate tensor. In ANSYS CFX, the model composed by 
Eqs. (A.8)–(A.11) is the SST model. 

In the SST model, the low-Reynolds number model for the viscous sublayer is replaced with a blended wall function, which is called Automatic 
Near-Wall Treatment in ANSYS CFX. The blended wall function is a function of y+(=uτyn/ν), uτ denotes the friction velocity of SCO2 at wall and related 
to the wall shear stress with τw = ρu2

τ . The blended wall function, which is focused on both ω and uτ, is based on the solutions in the linear and the 
logarithmic near-wall regions, and written as [73]: 
⎧
⎪⎪⎪⎪⎪⎨
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1
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(A.12)  

where ωvis and ωlog are the ω values calculated by the solutions in the linear and the logarithmic near-wall regions, ωn is the total ω near wall, uvis
τ and 
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ulog
τ are the friction velocities at wall by using the solutions in the sublayer linear and logarithmic law layers, un is the fluid velocity near wall, B is a 

constant, B=5.2 for hydraulically smooth walls. The fluxes in the momentum equation and the k-equation at wall are detailed in [72]. 
In the sublayer linear and logarithmic law regions, the following empirical expression in [74] is employed in CFX to determine the dimensionless 

temperature in convective heat transfer [73,74]: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

T+ = Pry+e− Γ + [0.1ln(y+) + β ]e− 1/Γ,Γ =
0.01(Pry+)4

1 + 5Pr3y+

qw =
ρcpuτ

T+ (Tw − Tn),Pr =
μcp

λ
, β =

(
3.85Pr1/3 − 1.3

)
+ 0.1ln(Pr)

(A.13)  

where Γ is the auxiliary variable of Pr and y+, qw is the wall heat flux, cp is the specific heat capacity of SCO2, T+ is the dimensionless temperature in the 
boundary layer, Tw is the wall temperature, Tn is the SCO2 temperature in the first mesh layer, β is the model constant, Pr is the SCO2 Prandtl number; 
the SCO2 property constants, ρ, μ, cp and λ should be the local values in the first mesh layer. Based on Eqs. (A.12) and (A.13), the flow and heat transfer 
variables at wall, e.g., shear stress, wall temperature or heat flux can be calculated. 

Appendix B 

Mathematics of absolute helicity and vorticity 

The fluid velocity vector u, velocity gradient tensor ∇u and vorticity vector ∇× u are defined as follows: 

u = [u1, u2, u3],∇u =
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(B.1) 

Roughly, there are two methods to examine kinematics of vortex [61]. The first one is based on u and ∇× u, the second one is based on the 
eigenvalues of ∇× u. The absolute helicity in [61] belongs to the first method, and is expressed by the following scalar: 

H = |u • (∇ × u) | =
⃒
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) ⃒
⃒
⃒
⃒ (B.2) 

This method is simple and easily understood. We can illustrate the vortex shape by plotting iso-surfaces of the helicity in a flow field. 
The vorticity or velocity curl Ω is the magnitude of the vorticity vector ∇× u, and expressed by. 

Ω =
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(B.3) 

The swirling strength is originated from the analysis of eigenvalues of the velocity gradient tensor ∇u. The swirling strength should belong the 
second method mentioned above and can be used to specify the vortex shape. There are three invariants in ∇u. The invariants are exactly the co-
efficients of a 3rd-order polynomial that the eigenvalues satisfy. These invariants are written as: 
⎧
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(B.4)  

where the tr(∇u) is the sum of the diagonal entries of ∇u, likewise, tr(∇u∇u) is the sum of the diagonal elements of ∇u∇u; ∊ijm are the Levi-Civita 
symbol, if let i, j,m = 1, 2, 3, then ∊123=∊312=∊231 = 1, ∊132=∊321=∊213 = -1, otherwise ∊ijm = 0; the det(∇u) is the determinant of ∇u. Three in-
variants define a discriminant as follows [60,61]: 
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(B.5) 

When Δ > 0, ∇u is subject to one real and two complex conjugate eigenvalues, and their imaginary part stands for the swirling strength of the 
vortex. The swirling strength is expressed by [60]. 
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(B.6) 

The other methods for identifying vortex shape can be found in [61], and are not repeated here. 
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