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HIGHLIGHTS GRAPHICAL ABSTRACT

e Uniform sand-grain roughness greatly
improves horizontal supercritical heat

transfer.

o Regional wall roughness approach has
been designed.

e Partial wall roughness significantly re-
duces the extra flow resistance.

e Influences of roughness height were
discussed in detail.
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ARTICLE INFO ABSTRACT
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Uniform heat transfer

Supercritical flow through a horizontal pipe leads to a non-uniform peripheral wall temperature distribution
even when the wall heat flux is kept constant and uniform. This is attributed to lower heat transfer coefficient at
the top section where the denser fluid tends to sink. Hence, to obtain a uniform wall temperature, a designed wall
roughness is devised. Uniform sand-grain roughness is employed to only partly cover the top half of the pipe wall.
Numerical simulations were conducted using the SST k —® turbulence model. The simulation results indicate that

our proposed design can lead to a more uniform heat transfer distribution over the wall periphery compared with
the smooth pipe. An extreme case was also considered where the inner wall was completely covered with
roughness elements. While heat transfer augmentation was observed for this case, the excess pressure drop was

prohibitively higher compared with a pipe with designed wall roughness.

Abbreviations: CFD, computational fluid dynamics; CST, concentrating solar thermal; DNS, direct numerical simulations; EDM, electrical discharge machining;
NIST, National Institute of Standards and Technology; N-S, Navier-Stokes; PWR, pressurized water reactor; QUICK, Quadratic Upstream Interpolation for Convective
Kinematics; RANS, Reynolds-Averaged Navier-Stokes; sCO,, supercritical carbon dioxide; SIMPLEC, Semi-Implicit Method for Pressure Linked Equations-Consistent;

SST, shear-stress transport.
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Nomenclature 0y, by, Oloos Moo 1, U2 Model constant
. Bis Buos Bi1» Bz Model constant

Latin symbols . . Iy, Ty Effective diffusivity of k and @ [kg/m s]
a Constant in the y, expression of the shear stress transport @, Central angle for the roughness area [°]

model ®;, ®, Auxiliary variable in the blending functions
Cs Roughness constant A Thermal conductivity [W/m K]
(Cip S})}::ﬁil;?c;:]at constant pressure [J/kg K] W Dynamic ViSCOSit}.’ [kg ./m ]

i 3 T Turbulent eddy viscosity [kg/m s]

D,, D, Cr.oss. diffusion term [W/m~] 0 Circumferential direction in cylindrical coordinates [°]
f Fr1ct19n factor‘ p Density [kg/m°]
F1,F;  Blending function 6k, 6,  Turbulent Prandtl number for k and w of the shear stress
g Acceleration due to gravity [m/s*] transport model
G _ Mass flux [kg/m® s] Ok1, 0k2 Turbulent Prandtl number for k of the Wilcox k —w and
Gy, Gy, G, Production term in the turbulence transport equations standard k —e model

[W/m?] Gy1, Op2 Turbulent Prandtl number for @ of the Wilcox k —w and
h Heat transfer coefficient [W/m? K] o-transformed standard k —e model
H Total enthalpy [J/kg] ® Specific dissipation rate [1/s]
k Turbulence kinetic energy [m*/s®] A Absolute roughness height [m]
Ks Roughness height [m]
P Pressure [Pa] Subscripts
q Heat flux [W/m?] cr Critical
U Component of the velocity vector [m/s] h Heated section
Re Reynolds number in Inlet
S Strain rate magnitude [1/5s] m Mean
T Temperature [K] o Overall
XY, 2 Distance in Cartesian coordinates [m] out Outlet
y+ Dimensionless distance from wall pc Pseudo-critical
Y, Y,  Dissipation term in the turbulence transport equations [W/ r Rough

m?] t Top

w Wall

Greek symbols
o Coefficient to damp the turbulent viscosity

1. Introduction

Supercritical carbon dioxide, (sCO3), has been suggested as working
fluids for power cycles embedded in the next-generation concentrating
solar thermal (CST) plants [1,2] and also as coolant for nuclear reactors
[3,4] or in the refrigeration industry [5,6].

The assumption of constant thermosphysical properties do not hold
for sCO» as it experiences significant property variation in the vicinity of
the pseudocritical temperature T, [6]. The effects of these property
variations on turbulent heat transfer to sCO; flow through vertical pipes
have been investigated in the 1960 s [7-12]. Those pioneering studies
were followed by contemporary experiments relying on advanced
measurement techniques [13-15]. It is well-documented that buoyant
forces, induced by density variation, affect vertical turbulent supercrit-
ical heat transfer through two mechanisms, namely, the “direct” one
through the structural turbulence production by buoyancy and the more
dominant “indirect” one through the distortion of the velocity profiles
that further vary the turbulence kinetic energy distribution.

Heat transfer to turbulent sCO, flow through horizontal pipes has
also gained attention [16-19]. Different from the vertical cases, where
the buoyant force is parallel to the mainstream, in horizontal pipes the
buoyant force is perpendicular to the mainstream; therefore, the sec-
ondary flow would affect the heat transfer in a different way. The sCOy
heating experiments by Adebiyi and Hall in early 1970s [20] reported
that buoyancy leads to the salient heterogeneity of heat transfer over the
circumference where the temperatures along the top wall are much
higher than those along the bottom wall, indicting serious heat transfer
deterioration in the top region. Computational fluid dynamics (CFD)
simulations, direct numerical simulations (DNS) and Reynolds-Averaged
Navier-Stokes (RANS) modeling [21-24], demonstrated that this

impairment is attributed to buoyancy-induced secondary flows taking
the accumulated lighter and hotter sCO; fluids to the top wall. Wang
et al. [25] investigated the effect of tube diameter (4.6-22 mm) on
turbulent heat transfer to sCO, flowing in horizontal tubes and
concluded that the overall heat transfer performance was negatively
influenced by the strong buoyancy induced by property variation even
for pipes of small diameter. In view of the above, the asymmetric tube
wall temperature distribution, observed by experimental and numerical
papers, can lead to thermal stress and fatigue affecting the tube
longevity and structural integrity thereby presenting a safety concern
and increasing the operation and maintenance cost in the long run.

Attempts were made to improve the turbulent heat transfer to su-
percritical flows though vertical pipes. For instance, wire matrix inserts
[26] and internal helical-rib roughness [27-29] were suggested in the
literature. He and co-workers [30,31] used both experimental and nu-
merical techniques to study turbulent sCO; heat transfer characteristics
in horizontal tubes filled with metal foams. It was reported that while
the filled metal foams remarkably enhance the sCO3 heat transfer and
result in a more uniform wall temperature along the tube circumference,
the flow resistance increased by 50-100%, leading to significant excess
pressure drops. Li et al. [32] introduced internal helical-ribs to improve
the supercritical heat transfer in horizontal pipes to note an improved
heat transfer along the top wall thereby reducing the temperature dif-
ference over the circumference albeit at the expense of 20-100% extra
pressure drop. To optimize a heat exchanger design the interplay be-
tween heat transfer coefficient and pressure drop has to be carefully
investigated especially for sCO tubes with large diameters [33].

In view of the above, this paper offers a designed roughness approach
where roughness is induced only where the local heat transfer coeffi-
cient is to be increased. In particular uniform sand-grain roughness is



J. Wang et al.

The Journal of Supercritical Fluids 190 (2022) 105738

q=c
7 \
adiabatic Yy v v Y v vy L 2 2 2 20 N 2N 2 2 |
X —>- X
sCO2 = i — 4 i — g_ . _g _______________ -
> T 1 T T 1T 1 1 1 1 T T 1 T T 1 1 ‘ T 1

development section (55d)

heated section (300d)

d=22.14 mm

Gravity

|
Cross section

Fig. 1. Sketch of computational model.

proposed here to improve the turbulent heat transfer to horizontal sCO2
pipes. Despite the fact that heat transfer augmentation though wall
roughness was extensively studied in the literature [34-36], this tech-
nique has barely been employed in the supercritical heat transfer liter-
ature [37]. Additionally, for an effective thermal management with
minimal excess pressure drop, the idea of regionally roughened walls is
innovatively proposed in this work. CFD simulations based on RANS
modeling have been conducted to shed light on the sCOx fluid flow and
heat transfer within a horizontal tube with (partly) roughened wall. The
influences of the roughness distribution and roughness heights on the
heat transfer and pressure drop are investigated.

2. Numerical approach
2.1. Governing equations

Combining the advantages of the k —» model and k —e model, the
two-equation eddy viscosity model of SST (shear-stress transport) k —@
is able to properly resolve both the near-wall boundary region and the
free stream area. Hence, the SST k —® model is employed in this work to
simulate the turbulent sCO5 heat and fluid flow in a horizontal tube. The
governing equations for the steady state flow are as follows:

Continuity:
0
—(pu;) =0 1
o (pu;) (€Y
Momentum:
0 oP 0 ou;  Ou; 0 ——
L)) = -2 4 pgi+— 4 — (= piu, 2
0x; (puas) 0x; trsit 0x; {” (0)@ * (3x,»> } +0xj ( pu,uj) 2
Energy:
d 0 or — Ou; [ ——
o (pu;H) = p (la—x’ - pu,-h) +ud— 6_x, <puiuj> 3)
where the energy dissipation term @ is defined as:
Ou;  Ou;\ Ou;
o (T )
(6)6/- + 6x[> 0x; @

A denotes the thermal conductivity and the additional terms of pﬂ,

pu;u; are due to the turbulent fluxes.
The transport equations for the turbulence are expressed as below:

0 0 ok
a, PR =50 (”a

Jj

>+a—yk+sk (5)

2 0 ow
3 i) =5 (Lo w— Yo+ Do »
o (pkau;) ax, ( 0)9-) + G, +D, + S (6)

where the production of the turbulence kinetic energy due to mean

velocity gradient Gy is calculated as:

Gy = min(Gy,  10pf ko) )
and G, = — p@(auj/axi).
The generation of specific dissipation rate, @ is computed as:
a
Gw = 7Gk (8)
vy

O {ao + Re,/Rw} ©

T |1+Re/R,

where R, is a constant and the o” is introduced to damp the turbulent
viscosity leading to a low-Reynolds number correction.

. . (@ + Re/Ry
- 2o T T/ Tk 1
* 7% < 1+ Re,/Ry ao

in which ay = $;/3, Re, = pk/uw, and a" = ., = 1 is set for the case
of high Reynolds numbers.

Qoo = F10 ) + (1 = F))0 1)

where o1 =iy /ﬁ; ~k*/641 \/ ﬁ; and  0n2 = ﬂi,z/ﬂ; -

K2/0u2\/F..

The effective diffusivity (I") for the turbulence equations of k and @
are defined as:

Fo=p+h a2
O

where yu, represents the turbulent viscosity

_pk 1

M=
@ max[i&]
a

14)

here S denotes the strain rate magnitude. The turbulent Prandtl
numbers oy, o, are calculated as:

1

T IhH
Ok,1 + Ok2

o = (15)
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Table 1
Details of validation calculation cases from tests by Adebiyi and Hall [20].

Cases  m(kg/s) Tn(C) q(kW/m2) P(MPa) T (°C) Rejp
1 0.148 15.4 15.1 7.59 21.3 103,464
2 0.0773 14.2 5.2 7.603 18.4 52,710

Fig. 2. Grids used for validations against experiments by Adebiyi and
Hall [20].

0w = F 1-F, (16)
Go1 ' G2
Fy, F, are the blending functions for the SST k —@ model:
F; = tanh(®}) an
vk 500u 4pk
D, = mi X — 18
Lo [max (0'09wy’ﬂy2w> 'Gw.zDZyz} as)
1 1 ok dw
D} = 2 ——— 107" 19
@ max|: p(fwyz w de ax,-' ( )
F, = tanh(&3) (20)
&, = max|2 vk ,500” (21)
0.090y’ py*@
where D} represents the positive portion of the cross diffusion term
D(l)
1 0k dw
D,=2(1-F p2— =— — 22
w ( l)pga ‘2(,() an ax, ( )
The dissipation term for k and w are:
i =pfw (23)
Y, = ppa’ 24

where §; = F1f;; + (1 — F1)p;».
Sk, S, are the source terms that are set to zero in this work; all other
model constants are set the same as those in [38].

2.2. Physical model and numerical strategies

Fig. 1 displays the computational model used in the present study.
The tube diameter is set as d = 22.14 mm similar to Adebiyi and Hall’s

The Journal of Supercritical Fluids 190 (2022) 105738

experimental test set up [20] where significant heat transfer
non-uniformity over the pipe circumference was reported along with
serious top and bottom wall temperature mismatch. As shown, a pre-
ceding development section with length of 1.22 m (=~ 55 d) is added to
ensure fully developed turbulent sCO; flows before it reaches the heated
region with tube length of 6.642 m (= 300 d). Here, 6 is the circum-
ferential angle and & = 0°, @ = 180° represents the top and bottom tube
wall, respectively. The entire computational model shown here is
simulated using hexahedral mesh with 3.6 x 10° grids.

The velocity and pressure terms are coupled using the Semi-Implicit
Method for Pressure Linked Equations-Consistent (SIMPLEC) algorithm.
The “body force weighted” scheme is employed to discretise the pressure
term and the Quadratic Upstream Interpolation for Convective Kine-
matics (QUICK) scheme is used for the energy and momentum equa-
tions. The first order accuracy is selected to march the turbulence
transport equations for better convergence, which has been verified to
have negligible effects on the results. The real-gas properties needed for
sCO, computations are updated based on the generated look-up table
from the solver incorporated National Institute of Standards and Tech-
nology (NIST) database. The mass flow inlet and pressure outlet
boundaries are applied while the wall is modeled as adiabatic in the
developing region and constant heat flux has been imposed to the
heating wall. For the rough wall, two parameters, namely, the roughness
height (K;) and the roughness constant (C;) are specified, where C; = 0.5
is set for the uniform sand-grain roughness.

When using the low-Reynolds number model of SST k —@ model, fine
mesh (non-dimensional wall distance y* ~ 1.0) is required to directly
solve the governing equations all the way to the wall. In order to
properly resolve the sCO, flow and heat transfer behaviors in the near-
wall region with significant property gradients, quite fine mesh
(y" < 0.5) has been implemented. To ensure grid independence, we
have doubled the total grid number to realize that the wall temperature
variation is less than 1.5%. Also, the grids have been clustered near the
starting of the heating section to better capture the details in the thermal
entry region with sharp temperature gradient.

2.3. Model validations

2.3.1. Smooth tubes

This section demonstrates the reliability of the CFD results. In the
absence of results pertinent to rough walls, the experimental ones re-
ported by Adebiyi and Hall [20] on sCO5 heat transfer heated in hori-
zontal pipes with smooth walls (the diameter is the same as that
employed in this work) are used for validation purpose. Two different
conditions have been simulated, with details specified in Table 1. For a
more rigorous examination on the deterioration, the tube wall is
included in the computations, as shown in Fig. 2 for the used grids. Fig. 3
compares the simulation results against those of measurements. As seen,
the buoyancy generates a significant temperature difference between
the two surfaces, the temperatures are higher along the top wall, indi-
cating lower local heat transfer there. The temperature non-uniformity
has been well reproduced here with good consistency exhibited for the
bottom wall, the maximum deviation for the top wall temperatures is
14.7% compared with experimental data reported in [20] and the
inconsistency for the outlet bulk temperature is less than 0.5%.

2.3.2. Rough tubes

Recent experimental measurements by Tikadar et al. [39] are used to
validate the SST k —® model on reproducing the flow and heat transfer
for flow through rough pipes. In their tests, the heat transfer and pres-
sure drop in the Inconel-Nickel fuel rod for pressurized water reactor
(PWR) have been measured, where the Inconel fuel rod was modified
with three-dimensional (Diamond-shaped blocks) surface roughness;
more details can be found in [39]. Fig. 4(a) compares the calculated
Darcy friction factors of the smooth Nickel domain and the rough
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Fig. 3. Wall temperature distributions simulated using SST k —w turbulence
model compared against experimental measurements by Adebiyi and Hall [20]
(subscript ‘b’ in ‘x;” represents ‘heating’).

Inconel part against the experimental measurements, where four cold
tests with the Reynolds number Re ranging from 45,145 to 107,096
have been performed (details are specified in Table 2). One notes a very
good agreement between our predictions and the experimental data
reported therein. The largest deviation for the smooth test is less than
10%. Fig. 4(b) displays the local heat transfer coefficient distributions
along the entire Inconel rod (including the beginning smooth section) of
two thermal tests, where the Inconel rod was heated and the volumetric
flow rate changes from 4.54 m3/h to 9.08 m3/h, as illustrated in Table 3.
As observed, the heat transfer enhancement caused by the roughness has
been well reproduced by the simulations, and a very good agreement is
noted for the case of low mass flow rate. However, with higher mass flow
rate, the discrepancy grows and the heat transfer coefficients are
underestimated, especially at the beginning and towards the end of the
rough region. The error, nonetheless, is less than 19.5%. This can be
attributed to the fact that the treatment of sand-grain roughness in the
computation might weaken the vortex generations by the actual
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Fig. 4. Rough pipe flow simulated using SST k —® turbulence model compared
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Table 2
Details of validation cases from cold tests by Tikadar et al. [39].
Code Tin (°C) Pressure (MPa) Flow rate (m®/h) Re
Test 1 31.88 0.404 5.04 45,145
Test 2 31.88 0.404 8.03 71,813
Test 3 31.88 0.404 10.06 89,991
Test 4 31.88 0.404 14.02 107,096
Table 3
Details of validation calculation cases from thermal tests by Tikadar et al. [39].
Code T; Heat flux Pressure Flow rate Re
C) (kW /m?) (MPa) (m®/h)
Test 70 181 0.46 4.54 82,000
1
Test 70 181 0.46 9.08 166,000
2
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diamond-shaped blocks in the two particular regions. This is expected to These two sets of validations demonstrate that the selected SST k —w
be more pronounced at higher Reynolds numbers while the intermediate model can reliably reproduce data for both sCO2 heat transfer in hori-
rough section shows a much better agreement. zontal smooth tubes and the pressure drop and heat transfer



J. Wang et al.

7000

6000

5000

. 4000

h (W/m>K)

3000F e

Fig. 9. Overall heat transfer coefficient distributions of turbulent sCO, flows
along heating wall in smooth and various rough horizontal tubes (®, denotes
central angle of wall roughness area, subscript ‘0’ in ‘h,” represents ‘overall’).

characteristics of flow in pipes with rough walls. In addition, in the open
literature, the SST k —» model was commonly employed for the sCOy
heat transfer simulations [40-43], including the most recent work by Li
et al. [28,29,44] on the supercritical flow and heat transfer with internal
helical-rib roughness where good accuracy was demonstrated. There-
fore, this model has been used in this paper.
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2.4. Proposition of the new idea of regional roughness

Turbulent sCO4 heat and fluid flow in a smooth horizontal tube has
been simulated where the inlet temperature T;, = 15°C, mass flux G =
400 kg/m? s, heat flux ¢ = 18 kW/m? and pressure P = 7.59 MPa, are
used. The wall temperatures and heat transfer coefficients along the top
and bottom pipe wall are plotted in Fig. 5 where the results pertinent to
smooth walls are denoted by “®, = 0°”. Similar to the distributions
exhibited in Fig. 3, the temperature mismatch between the two peak
surfaces are noted where higher temperature at the top wall are signif-
icantly different from lower values at the lower half of the pipe wall. In
order to mitigate this, one needs to improve the heat transfer uniformity;
here through using uniform sand-grain roughness at the pipe inner wall.
According to the classical experiments by Nikuradse [45] on the pipe
flows with sand-grain roughness, a moderate value of the relative
roughness (A = A/d = 120) is chosen leading to an absolute roughness
height A = 0.1845 mm. The simulation results for the fully rough tube
under the same operating conditions are demonstrated in Fig. 5 with
“®, =360°". As seen, the top wall temperatures decline remarkably and
heat transfer is augmented. However, since the bottom half of the wall is
also roughened, the bottom wall temperatures also drop and the dif-
ference in the circumferential wall temperatures still exists, and the local
heat transfer coefficients mismatch persists, as shown in Fig. 5(b). The
variation in lower T, is likely to cause greater differences in local heat
transfer coefficient (over each cross-section) non-uniformity.

It is reasonable to roughen the top wall to increase the local heat
transfer and bring it to a value close to that of the bottom smooth wall.
The new idea of designed partial wall roughness is therefore examined.
We initially roughen half of the tube wall with the sand-grain roughness
in the top and the numerical outcomes are added to Fig. 5, denoted by

. =180° . = 360°

Fig. 10. Temperature contours of turbulent sCO, flows over cross section at x,/d = 250 of smooth and various rough horizontal tubes (®, denotes central angle of

wall roughness area).
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®, =90°

@, = 180° @, = 360°

Fig. 11. Nondimensional density contours of turbulent sCO; flows over cross section at x,/d = 250 of smooth and various rough horizontal tubes (®, denotes central

angle of wall roughness area, p, means sCO;, fluid density at inlet).

“@, = 180°". As seen, the top wall temperature is now closer to that of
the bottom wall. Here, a more uniform wall temperature and heat
transfer coefficient (along the periphery) can be observed. In addition,
as with a decrease in the roughness area, the flow resistance is likely to
drop, we gradually shrink the roughness proportion to focus more on the
very top wall region where the sCO; heat transfer deteriorates most. As
illustrated in Fig. 6, besides the fully-rough and half-roughened ap-
proaches, three other cases of regional roughness distribution are
investigated in this paper. Here, the central angle for the roughen part is
represented by “®,”. Regarding the developments of these rough hori-
zontal pipes in practice, the electrical discharge machining (EDM) can
be employed, its feasibility has been verified in the manufacturing of the
rough tubes for future heat transfer tests.

3. Results and discussion
3.1. Wall temperatures and heat transfer coefficients

Simulations on the turbulent sCO, fluid flow and heat transfer in the
horizontal tube with different roughness designs have been conducted.
Results pertinent to the smooth wall case have also been presented for
comparison purpose. Beside the roughness distribution, all other pa-
rameters are kept the same as those in Section 2.4, with Re ranging from
1.07 x 10° to 1.66 x 10°. The operating pressure is close to the critical
point and the inlet temperature is set to be close to the liquid-like region
where the drastic density variation is likely to cause significant buoy-
ancy effects. The mass flux and heat load are typical values consistent
with the practical use of supercritical heat exchangers and approach the
conditions which have been validated in Section 2.3.1. Fig. 7 compares
the sCO; heat transfer features along the top wall surface (¢ = 0°) for
various cases where the deterioration usually occurs. Because the tem-
perature distributions at the bottom wall (¢ = 180°) are quite similar for

different cases except the entirely rough tube, as testified by Figs. 5(a)
and 8, in the following discussion only the values along the bottom
surface of the smooth pipe are added in Fig. 7 to illustrate the circum-
ferential differences. As seen, with the development of thermal bound-
ary layers, the wall temperatures increase and the heat transfer
coefficient initially drops but then rapidly rises. Comparing the local
distributions between the top and bottom walls of the smooth case, it can
be noted that the entrance effects propagate further downstream over
the top surface, which is due to the thicker boundary layer there. Fig. 7
(a) displays the top wall temperature distributions where all the rough
wall cases can significantly reduce the top wall temperature and narrow
the gap between the top and bottom wall temperatures. This is because
the sCO heat transfer near the top wall has been greatly improved as
reflected in Fig. 7(b). This enhancement is more pronounced with the
increasing roughness area. Compared to the fully-roughened tube, as
shown in Fig. 5, the regionally-roughened cases perform better leading
to more uniform heat transfer over the circumference.

The wall temperature distributions along the circumference over the
cross section are presented in Fig. 8, where only half of the periphery is
shown due to symmetry. Note that the fully-roughened case significantly
reduces the wall temperatures over the whole pipe surface, but the
circumferential difference persists even leading to higher heat transfer
mismatch compared with the smooth case, as displayed in Fig. 5. For the
partial roughness case, on the other hand, only the T,, values within the
roughened top region decrease and the temperatures within the smooth
section barely change. This leads to a more uniform distribution of both
wall temperature and heat transfer coefficient. With the sCO; flowing
downstream, the top wall temperature tends to be the same for various
roughness designs considered here. Note that, for the smooth pipe, the
higher temperature region around the top wall begins at the circum-
ferential angle of § ~ 28° —37° (slightly expands downstream). This can
be used to devise a more uniform wall temperature. One observes that
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Fig. 12. Axial velocity contours and secondary vectors of turbulent sCO, flows over cross section at x;/d = 250 of smooth and various rough horizontal tubes (®,

denotes central angle of wall roughness area, Uy means sCO, fluid density at inlet).

among the studied cases, the partial roughness case with @,
=60°(—30° < 0 < 30°) performs well at reducing the high top wall
temperature, as shown in Fig. 8.

Fig. 9 presents the overall heat transfer coefficient h, (averaged over
each cross section) distribution along the wall. Compared to the smooth
tube, roughening the pipe wall mitigates the heat transfer degradation in
the top then improves the overall heat transfer performance of hori-
zontal sCO5 flows as well, and the improvement gets more pronounced
as the roughness area expands and sCO bulk temperature approaches
the pseudocritical point where the buoyancy intensifies.

3.2. Flow field analysis
This section presents results for core flow or regions away from the

wall. Figs. 10 and 11 show the temperature and density contours,
respectively, over the entire cross section at x /d = 250 (far downstream

10

in the developed region) for both smooth and rough cases. As seen, with
the smooth tube (®, = 0°), buoyancy gives rise to a secondary flow (see
Fig. 12), which then sweeps the near-wall sCO fluids and rises upwards,
and the lighter and hotter low-momentum sCO;, fluids are accumulated
near the top surface, thereby lowering the heat transfer there. With the
roughness introduced, the high-temperature area with those low-density
fluids gathered in the top half diminishes even vanishes. Increasing the
roughness area, the sCOy heat transfer gets improved as one would
expect.

Fig. 12 displays the contours of axial sCO; velocity, where the vec-
tors over the yz plane have been added to the velocity contours. For the
smooth wall case, due to the blocked secondary circulation caused by
flow accumulation, a second velocity peak emerges near the top surface.
Consequently, the velocity gradient reduces there leading to a more
flattened velocity profile thereby the production of turbulence kinetic
energy is affected, as depicted in Fig. 13. Fig. 14 indicates the radial
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Fig. 13. Turbulence kinetic energy contours of sCO, flows over cross section at x;/d = 250 of smooth and various rough horizontal tubes (®, denotes central angle of

wall roughness area).
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Fig. 14. Distributions of turbulence kinetic energy along radius at top wall (6 =
0°) at x/d = 250 of smooth and various rough horizontal tubes, where vari-
ation at bottom wall (6 = 180°) for smooth flows is added for comparison (@,
denotes central angle of wall roughness area).

variation of turbulence kinetic energy (k) for smooth wall (®, = 0°),
where k values close to the top wall are much lower than those near the
bottom one. These lead to a heat transfer deterioration at the top wall.
With introduction of the wall roughness, nonetheless, the thick bound-
ary layer at the top wall is disturbed as one would expect. As seen in
Fig. 12 for the roughness case of ®, = 30°, the circulation is intensified
close to the top wall. The anchor-shape velocity contour with a second
peak disappears and a sharper velocity gradient at the top wall is
observed which in turn will increase the shear stress and the turbulence
kinetic energy production, as demonstrated in Fig. 13. As Fig. 14
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Fig. 15. Friction factor variations of turbulent sCO, flows in smooth and
various rough horizontal pipes.

demonstrates the k values are markedly higher in the top half for the
rough cases, especially in the near-wall region. In addition, the intro-
duced sand-grain wall roughness destroys the viscous sublayer and
generates vortex itself, promoting the turbulence kinetic energy pro-
duction as well. Both these two mechanisms enhance the heat transfer to
sCO; flow. Roughening a bigger portion of the wall, the larger chunk of
low-momentum flow is disturbed leading to enhancements presented in
Fig. 9 for the entirely rough pipe. This can also be deduced based on the
notably reduced secondary circulating activities of the near-wall fluid
observed in Fig. 12 for the case of ®, = 360°. However, similar to the
smooth wall case, the evident difference in the turbulence kinetic energy
distribution between the bottom and top wall is still there for the fully
rough pipe, as shown in Fig. 13.
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Fig. 16. Wall temperature distributions of horizontal sCO, flows along tube top
wall with various roughness heights, where partial roughness scheme of ®, =
60° is issued and variation at the bottom wall (6 = 180°) for smooth flows is
added for comparison.
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3.3. Frictional pressure drop

The frictional pressure drop is discussed here mainly because it is a
crucial factor to be considered in heat exchanger design. As the rough-
ness is added onto the pipe surface, more vortexes will be generated
causing excess pressure drop. Fig. 15 displays the variations of the Darcy
friction factor for the smooth and rough cases, computed as below:

T (K)
P 308
305
303
300
297

l =1/120 I A= 1/60
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(25)

 Pa
where the AP/Ax is the pressure drop per unit length, and the needed

thermo-physical properties are evaluated at the mean temperature T,
which is the arithmetic mean value of the inlet and outlet temperatures:

Tin + Tout

T, =
2

(26)

As seen, the introduced sand-grain roughness obviously increases the
frictional pressure drop and the influence of the roughness proportions is
prominent. For instance, as for the case of ®, = 30° where the roughness
targets more particularly on the top surface, the friction factor slightly
rises (by around 4%) compared with that of the smooth tube. Whereas
for the full roughness condition, the f value is more than doubled, in-
creases by more than 125%. It is worth noting that the friction factor
augments nearly linearly with ®,. This trend can be explained based on
the fact that the angle ®, determines the roughness area with the linear
formula A, = ®,2rL/180, while the friction loss is directly proportional
to the roughness area.

3.4. Effect of roughness height

Based on the above analysis, considering both the heat transfer and
pressure drop characteristics, the optimal regional roughness scheme
@, = 60° under this investigated condition is chosen for a sensitivity
analysis where the roughness height is changed while all other param-
eters are kept constant. Aligned with the classic tests by Nikuradse [45],
five different roughness heights are studied, where the relative heights
to the tube diameter are A = A/d = 1/504, 1/252, 1/120, 1/60,

1/30. Fig. 16 compares the peak wall temperature distributions, in
which A = 0 means the smooth tube and its bottom wall temperatures

1/504

A=1/30

Fig. 17. Temperature contours of turbulent sCO, flows over cross section at x,/d = 150 of partially (®, = 60°) roughen horizontal tube with various rough-

ness heights.
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Fig. 18. Turbulence kinetic energy contours of sCO, flows over cross section at x;/d = 150 of partially (®, = 60°) roughen horizontal tube with various rough-

ness heights.

are also added as a representative to demonstrate the wall temperature
non-uniformity. As seen, for the lower roughness heights, the top wall
temperatures can be reduced. Still notably different to those of the
bottom wall, as the roughness height increases, a more uniform wall
temperature emerges. When the A value reaches 1/120, the temperature
mismatch is reduced and the variation is negligible with further increase

in the roughness. The top wall temperatures with A =1/60 and 1/30
nearly equal those of the bottom wall. An important comparison here is
the one between the height of the roughness element and the boundary
layer thickness. If roughness elements are tall enough to completely
destroy the boundary layer, then any further increase in the height is
unlikely to bring about tangible enhancements in heat transfer.

Figs. 17 and 18 display the temperature and the turbulence kinetic
energy distributions, respectively, for a range of roughness heights.
Here, the cross section at x,/d = 150 is monitored where the difference
in the wall temperature distributions is evident, as exhibited in Fig. 16.
With the roughness implemented, the boundary layer is disturbed and
with the rising roughness height the boundary layer can completely
disappear. As seen, the turbulence kinetic energy production recovers
near the top surface and increases with roughness heights, thereby heat
transfer rate to sCO; increases and the high-temperature region around
the top wall shrinks in size.

4. Conclusions

In order to mitigate the heat transfer deterioration commonly
encountered along the top wall of horizontal supercritical piping flows
then to improve the heat transfer uniformity over the circular perimeter,
this paper introduces the simple and practical sand-grain roughness onto
the tube surface and innovatively proposes the techniques of partially-
roughen walls targeting more specifically on the degradation area.
Based on the RANS simulations on the turbulent sCO; flows heating in a
large horizontal pipe, the following conclusions can be drawn:

13

@ The SST k —w turbulence model exhibits the ability to give accept-
able predictions on the sCO5 heat transfer deterioration in the hori-
zontal smooth tube and the pressure drop & heat transfer behaviors
of rough piping flows.

@ The uniform sand-grain roughness is quite practical and able to
effectively alleviate the sCOy heat transfer impairment around the
top wall caused by the buoyancy effects, the heat transfer homoge-
neity over the circumference is greatly improved, and the overall
heat transfer performance is positively affected as well. These im-
provements are mainly attributed to that the incorporated roughness
destroys the boundary (especially the viscous sublayer) and helps
break the accumulation of hotter and lighter sCO5 fluids near the top
surface, which mitigates the blockage of the secondary circulation
and recovers the turbulence activities in the top part. Also, the
introduced roughness itself generates the vortexes that intensify the
turbulence kinetic energy production near the wall as well.

@ Even though the fully-roughened method can notably reduce the
wall temperatures and enhance the sCO heat transfer performance,
the circumferential difference in heat transfer still exists or even
grows over the entire perimeter and the friction loss is significant.
The regional roughness approach targets more at the top deterio-
rated regime, particularly improves heat transfer near the top wall
and achieves better uniformity over the circumference with
remarkably less pressure drop. The optimal roughness proportion to
gain the homogenous heat transfer with less friction loss can be
closely dependent on the high-temperature regime caused by the
accumulation.

@ The roughness height has a significant influence. Due to the fact that
the boundary layer which the roughness attempts to break possesses
a certain thickness, as the roughness height is relatively low, the
increasing roughness height is likely to bring more pronounced heat
transfer improvements. While the roughness height goes up to
certain high-level values (1/120d under the studied conditions
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involved in this work), its further increase generates slight
difference.
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