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ARTICLE INFO ABSTRACT

Keywords: When the hypersonic aircraft cruises, the surface will generate huge aerodynamic heating. Aiming at the thermal
Dis?re"e inclined ribs . protection of hypersonic aircraft, this paper presented a study on the thermal-hydraulic and thermodynamic
Active thermal protection performance of discrete inclined ribs enhanced bend tube based on the designed “Diamond” channel. Meanwhile,

Double-symmetrical longitudinal swirl
Secondary circulation
Artificial neural network

a comprehensive numerical investigation was carried out for different models. The fluid velocity was found to
vary in the range of 0.1-3.5 m-s~ !, with the corresponding Reynolds number ranging from 3600 to 127000. The
inlet temperature of heat transfer fluid was set to 253 K. It was visible that double-symmetrical longitudinal swirl
was generated under a single upper and lower arrangement (Model D), which led to the best cooling performance
on the inner wall. The performance evaluation criteria (PEC) and efficiency evaluation criterion (EEC) reached
0.99-1.18 and 0.66-1.00, respectively. The effect of four geometrical parameters (height-width ratio(H/d),
length-width ratio (L/d), group number of ribs (n), and tilt angle (a)) of which the ranges are 0.5-2.5,
1.0-4.0,6-15 and 0°-90°, separately, was explored. The results showed that the inner wall temperature
decreased up to 4.4 K when the Reynolds number was 72000. The Nusselt number and friction factor increased
about 9.9 %-28.8 % and 16.5 %-111.5 %. Efficiency evaluation criterion reached 0.43-0.96. It was found that
the combination of parameters would significantly affect the distribution of longitudinal swirls under the in-
fluence of secondary circulation in the bend tube. Moreover, many pairs of small vortices near the wall could
improve active thermal protection performance. After obtaining the fitting function through the artificial neural
network (ANN), the genetic algorithm (GA) was applied to obtain the Pareto front. The design variable for the L/
d =3.19, n = 11, and a = 14.3° was selected as the optimal solution by the TOPSIS method. When Reynolds
number is 72000, the corresponding Tj, and AP were 261.86 K and 2471.2 Pa. The performance evaluation
criteria and efficiency evaluation criterion reached 1.02 and 1.09, respectively. Furthermore, a design variable
for the L/d = 3.0, n = 11, and a = 15° was given for ease of engineering. The present work verified the feasibility
of realizing heat transfer enhancement by combining the secondary circulation with longitudinal swirls formed
by bend tube and discrete inclined ribs and proposed a new design scheme of active cooling thermal protection
systems (ACTPS).

edge, wing and tail of hypersonic aircraft are the highest [1,2]. There-
fore, the thermal protection system is a vital component of hypersonic
aircraft [3]. Thermal protection systems can usually be divided into
passive, semi-passive, and active types depending on the heat flux
density and heating duration [4].

Passive cooling thermal protection system (PCTPS) mainly relies on
the material itself to absorb heat or radiate outward. Its structural design
does not affect the aerodynamic configuration of hypersonic aircraft.
The C/C thin shell structure, ceramic rigid insulation tile and flexible

1. Introduction

Hypersonic aircraft is gradually becoming the strategic development
direction of civil and military aerospace engineering in the 21st century.
With the increase of cruise time and Mach number in hypersonic flight,
the surface and electronic devices are confronted with severe thermal
environment challenges. Extensive experiment results show that air
temperature and wall temperature near the hypersonic aircraft’s leading
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Nomenclature PEC performance evaluation coefficient
Pr Prandtl number
ACTPS active cooling thermal protection system R range
AFRL Air Force Research Laboratory RANS Reynolds averaged Navier—Stokes
ANN artificial neural network Re Reynolds number
ANOR  analysis of range Reg Regression coefficient
C perimeter (mm) S area (mm?)
CFD computational fluid dynamic SPCTPS Semi-passive cooling thermal protection system
Cp specific heat capacity (J-kg™*-K™1) T temperature (K)
Cr correction coefficient of secondary circulation TKE turbulent kinetic energy
D the characteristic length of channel section (mm) TOPSIS  technique for order preference by similarity to ideal
DACTPS “Diamond” active cooling thermal protection system solution
d rib width (mm) u fluid velocity (ms™H
EEC efficiency evaluation coefficient
f friction factor Greek symbols . . 3
FVM finite volume method p density of fluid (kg-m™") -
GA genetic algorithm A thermall co.nduc.tivity (W-m’ K™ 3 )
H rib height (mm) u dynamic viscosity of fluid (kg:-m™"-s™")
H/d height-width ratio of rib @ d%am.eter. of the leadin.g (mm)
h convective heat transfer coefficient (W-m 2K 1) 0 dilstrlbutmg a.ngle of ribs (*)
K¢ thermal conductivity of fluid (W-m™-K™1) a tilt angle of rib (*)
Ks thermal conductivity of solid W-m LK™ Subscripts
L rib length (mm) j tensor
L/d length-width ratio of rib 0 smooth tube
l total length of channel (mm) w wall
M correction coefficient of abnormal section m mean
MSE mean square error £ fluid
NSGA-II non-dominated sorting genetic algorithm s solid
Nu Nusselt number in inner wall
n group number of ribs T temperature
AP pressure drop (Pa) P pressure
PCTPS  Passive cooling thermal protection system

insulation blanket were used for PCTPS during the atmospheric reentry
of the American Shuttle and the space shuttle Buran of the USSR [5].
Around 2000, NASA [6,7] developed a new reusable thermal insulation
material CRI which was successfully applied in flight tests. Recently, the
frequency of rocket launches around the world has gradually increased.
The birth of reusable rockets will greatly promote the development of
the human space industry. Nevertheless, the disadvantages of PCTPS,
which are expensive and cannot be reused are gradually exposed.

Semi-passive cooling thermal protection system (SPCTPS) combines
heat pipe with ablation structure to absorb heat. Liu et al. [8] studied the
SPCTPS of C/C composite with built-in heat pipes and proved it is an
efficient thermal protection method. In 2009, Air Force Research Lab-
oratory (AFRL) [9] completed the validation test of high-temperature
heat pipe cooling in the leading edge, proving that SPCTPS can signifi-
cantly reduce the consumption of ablation materials. However, whether
the high-temperature heat pipe and ablation structure are precisely
matched will remarkably affect the performance of the thermal pro-
tection structure. Subsequently, it is still a problem to solve how the
arrangement of heat pipes meets the aerodynamic configuration of hy-
personic aircraft.

In contrast, an active cooling thermal protection system (ACTPS)
with hydrocarbon fuel as coolant is one of the most effective methods for
thermal protection of hypersonic aircraft [10]. Liu et al. [11] investi-
gated a sweating active cooling thermal protection structure, which can
increase the heat capacity by at least 70 %. Hou et al. [12] reviewed the
cooling performance of a double honeycomb sandwich convective
cooling structure. The results showed that the structure effectively
blocks heat transfer to the inner layer. Chen et al. [13] proposed an
active film cooling method, which can form a low-temperature film,
reducing the ablation of the leading edge. Meanwhile, scramjet engines

based on regenerative cooling technology and heat transfer enhance-
ment mechanism have been gradually applied in recent years [14,15].
Zhu et al. [16] examined and verified the feasibility of three active
cooling methods, i.e., regenerative cooling, film cooling, and transpi-
ration cooling, and profoundly analyzed the mechanism of each cooling
method.

ACTPS is the critical technology to solve the thermal load problem of
hypersonic aircraft, space transportation systems and advanced aero
engines [4]. It has been verified that endothermic hydrocarbon fuel has
good thermal-hydraulic and thermodynamic performance while being
used in ACTPS [10,17,18]. Hypersonic aircraft investigation is a great
systematic project developing towards integrating “function, low cost
and high structural efficiency” [3]. For the benefit of extended-term
reusability, the cooling process requires a valid active rather than pas-
sive protection method [19].

ACTPS rejects heat through a convective heat transfer process be-
tween the coolant and solid materials, realizing the protection of the
internal electronic devices. Thus, heat transfer enhancement has grad-
ually become an efficacious method to improve the cooling efficiency of
ACTPS. Recently, scholars have obtained the optimal flow field pattern
in the tube, which provides a new idea for designing new efficient heat
transfer enhancement technology [20]. To minimize potential energy
dissipation during heat convection, Guo et al. [21-25] determined that
the longitudinal swirl is the main characteristic of the optimal velocity
field and proposed a concept of heat transfer optimization based on the
field synergy principle. Liu et al. [26-30] extended the field synergy
principle and indicated that longitudinal swirl effectively balances the
contradiction between heat transfer enhancement and power con-
sumption increase.

Sriromreun et al. [31] calculated the effect of baffle turbulence on
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heat transfer enhancement in rectangular channels and found that the
Z-shaped baffle significantly impacts the thermal-hydraulic and ther-
modynamic performance. Wang et al. [32] proposed a longitudinal swirl
generator of symmetric wings (SWLSGs) and analyzed the results from
the field synergy perspective and the entropy generation. SWLSGs play a
good role in disturbing the fluid, strengthening the convective heat
transfer effect. Zheng et al. [33,34] reported that the discrete inclined
rib—groove could improve the heat transfer performance without
significantly increasing pressure drop. Cheng et al. [35] investigated the
heat transfer and flow characteristics of twisted tubes of different cross-
section shapes, which can greatly improve thermal-hydraulic and
thermodynamic performance. Tang et al. [36] conducted the numerical
simulation to verify the mechanism of multi-vortices longitudinal
swirled heat transfer enhancement and investigated the influence of the
arrangement of discontinuous crossed ribs and grooves along the flow
direction. Gunnasegaran P et al. [37] designed a new microchannel
combined with a longitudinal swirl generator. It was found that better
uniformities in heat transfer coefficient and temperature could be ob-
tained in heat sinks having the most minor hydraulic diameter. Li et al.
[38] performed an experiment on circular tubes with rectangular
winglets, trapezoidal winglets, and triangular winglets. The results
showed that the comprehensive performance is the best, and the PEC
value is 0.97-1.07 when four pairs of trapezoidal winglets are arranged
in each row. A large amount of numerical and experimental results
showed that the larger the longitudinal swirl intensity based on the field
synergy principle, the more apparent the enhancement performance.

Qiao et al. [39] investigated the thermal-hydraulic and thermody-
namic performance of circular, rectangular and pentagonal bend tubes
in ACTPS of hypersonic aircraft, and according to whether the cooling
effect and structural strength meet the requirements, a diamond-shaped
channel was proposed, which was called “Diamond” active cooling
thermal protection system (DACTPS). The elbow shape of DACTPS could
form secondary circulation, improving the active cooling performance
inside the bend tube.

In the present study, the discrete inclined ribs are applied and
improved based on the DACTPS to obtain a better cooling effect on
hypersonic aircraft. The numerical results showed that the cooling effect
of DACTPS could be significantly enhanced by adding discrete inclined
ribs to the smooth tube. Different arrangements are compared at a larger
Reynolds number range, and the four parameters’ thermal-hydraulic
performance is analyzed. It is found that the discrete inclined ribs
enhanced bend tube realizes a coupling mechanism of flow and heat
transfer enhancement. The secondary circulation generated by the
leading edge curvature of DACTPS and longitudinal swirls generated by
the discrete inclined ribs cooperates to achieve heat transfer enhance-
ment with higher overall thermal-hydraulic performance, thereby
improving the active cooling performance for hypersonic aircraft.

Recently, there have been many types of research on heat transfer
enhancement of the circular, straight tube, but few studies on flow and

(a)
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heat transfer characteristics of the irregular-shaped bend tube. This
paper designs and presents a study on the discrete inclined ribs
enhanced bend tube based on the DACTPS. The feasibility of realizing
heat transfer enhancement by combining the secondary circulation with
longitudinal swirls formed by rib turbulence is verified. This method has
superior thermal hydraulic performance at a larger Reynolds number
range, which meets the active thermal protection requirements with
lower pressure drop. Our paper aims to propose a new design scheme for
ACTPS and provide some experience and guidance for the design of
ACTPS for hypersonic aircraft.

2. Description of discrete discontinuous inclined ribs enhanced
bend tube

The overall model based on the designed DACTPS [39] is present in
Fig. 1 (a). A channel unit is selected for analysis simulation to save
computational resources, as shown in Fig. 1 (b). The diamond-shaped
section is also demonstrated in Fig. 1 (b) particularly. Locally enlarged
graph and parameter representation of the channel unit is provided in
Fig. 2. It is visible that discrete inclined ribs have application in the
leading edge region to meet the heat protection requirements, while no
inclined ribs on leeward and windward region, for reasons of mini-
mizing structural weight. The parameters of the inclined rib are listed in
Table 1. Since the DACTPS is the bending channel, discrete inclined ribs
are defined to be distributed at 0-81° () of the leading edge. The ribs on
the same plane are a group. n represents the number of rib groups. Rib
width (d) is set to 1.0 mm. Then, definitions of Height-weight ratio (H/
d) and Length-weight ratio (L/d) are given for subsequent studies.

Fig. 3 presents several arrangements of discrete inclined ribs. To
better compare the different arrangements, five fluid-solid coupling
surfaces are numbered on the leading edge, and each serial number has
the same color as the surface, as depicted in Fig. 3 (b) and (c). In
accordance with the view direction to spread five surfaces, Model A has
two groups of ribs on the upper and lower surfaces, respectively.
Furthermore, the other four arrangements and size parameters are
shown in Fig. 3 (c).

3. Research methods
3.1. Assumption

To simplify the numerical simulation, the fluid is assumed as a
continuous incompressible fluid.

The effects of gravity and radiation are ignored, and the physical
properties such as density (p), thermal conductivity (1), dynamic vis-
cosity (i), and specific heat capacity (Cp) are constant. The flow field is
governed by the three-dimensional Reynolds averaged Navier-Stokes
(RANS) equations, based on the assumption that the heat transfers and
flow processes are turbulent and steady, and the heat loss to the

A computational unit

Fig. 1. Overall model and channel unit.
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Inclined rib

L/d H/d

Fig. 2. Locally enlarged graph and parameter representation.
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Table 1
Parameter of discrete inclined ribs.

Parameter value
Diameter of leading, #(mm) 120
Distributing angle, 6(°) 0-81
Group number of ribs, n 12
Tilt angle, a(°) 45
Rib width, d(mm) 1.0
Rib height, H(mm) 1.0
Rib length, L(mm) 2.5
Height-width ratio, H/d 1.0
Length-width ratio, L/d 2.5

environment is neglected [34].

3.2. Governing equations

The governing equations are implemented using the ANSYS Fluent
based on the finite volume method (FVM). The convergence criterion in
this study states that the relative residual values are less than 10~ for
the continuity equation and less than 10~° for all other variables. All the
relative residual values are maintained constant [40]. The pressure
outlet is adopted to reduce backflow, and a second-order upwind scheme
is employed to discretize the governing equations for momentum and
energy. The SIMPLE algorithm is applied to achieve the coupling be-
tween velocity and pressure. The governing equations are given as
follows:

Continuity equation:

pu;)
aX,

=0 (€D)]

Momentum equation:

0 dp 0 0, Oy 2 0, 0 , ——

— (puu;) = ——+— S I | =SS 4+ — (pud s 2

9% (puas) a0y {ﬂ ('3)9 " 5&)] 305 oy (pusf) @
Energy equation:

0 a (. dT

T puerT) =5 (k a_x,) @)
Heat conduction equation in solid domain:

0 oT

—(k=—)=0

aXi( axn) (4)

where Ks is the thermal conductivity of solid material, y is the dynamic
viscosity coefficient, and Cp is specific heat capacity.

Among the several turbulent models utilizable for closure of the
governing equations, the shear stress tensor k-w Model (SST k-w) pro-
posed by Wilcox [41] and Menter [42] has demonstrated good behavior
in modeling adverse pressure gradients and separation flow because of
the combination of the k—~w Model near walls and the k—¢ Model in the
free stream. Transport equations are as follows [43]:

0 d ok

a_x,»(pkui) =0—&<Fka—&) + Gy + Yy 5)
0 d ow

a—Xi(pam,-) :a—}(’(Fwa—x) +G,+7Y, (6)

3.3. Boundary conditions

Three heat fluxes of 110 W, 660 W, and 1375 W are applied to the
leeward, windward, and leading-edge surfaces to simulate the aero-
dynamic heating of hypersonic aircraft, as displayed in Fig. 4. Mean-
while, all other outer surfaces are set to heat insulation. The cooling
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Fig. 3. Discrete inclined ribs arrangement.

Leeward heat -110W

Leading heat -1375W

Boundary conditions Heat insulation

Fig. 4. Boundary conditions of channel unit.

medium is aviation kerosene RP-3, of which inlet velocity increases
from 0.1 m-s~* to 3.5 m-s~?, and the corresponding Reynolds number is
in the range of 3600-127000. Qiao et al. [39] studied the influence of
three inlet temperatures of a heat transfer fluid on the thermal-
—hydraulic and thermodynamic performance of the ACTPS. It was
proved that the inlet temperature has no effect on the flow state in the
channel, and the impact on the inner wall temperature is linear.
Therefore, the inlet temperature of heat transfer fluid is set to 253 K in
the present study.

3.4. Thermal properties

Because compared to liquid water, the dynamic viscosity (1) of RP-3
is only a fifth of that of water. RP-3 is seen as the incompressible
Newtonian fluid of which thermal properties are constant, as listed in
Table 2. The reference temperature and pressure for the thermal prop-
erties in Table 2 are 293 K and standard atmospheric pressure, respec-
tively. Nickel-based alloy Inconel-625 is applied as the solid material in

Table 2

Thermal properties comparison of fluid.
Fluid p (kgm™3) Cp (Jkg LK™ Kr(W-m 1K) u(kg-m~ts7h)
RP-3 800 2100 0.13 0.0001984
Water 998.2 4182 0.60 0.001003

the present study for its better temperature tolerance ability and low
density [44], and its thermal properties, of which the reference tem-
perature is 500 K, are listed in Table 3. Cp is the specific heat capacity of
materials. Kr and Ks are the thermal conductivity of the fluid and solid
material, respectively.

3.5. Parameter definitions

In the present simulation, The Reynolds number (Re) is defined as
follows [45,46]

Re = M @
u
45
D, = el (€)

where S, C and Dy, are the area, perimeter and characteristic length of the
channel section, respectively; up, is the average velocity of inlet, and u is
the dynamic viscosity of fluid.

Friction factor (f) and total pump power (Wp) can be calculated by
following expression

2APD,

- 9
= oy ©
Wy — mAP (10)

P)

here, AP is the pressure drop between the inlet and outlet; [ is the total
length of DACTPS channel, which are valued 520 mm; m is the mass flow
rate of fluid.

The convective heat transfer coefficient h can be expressed as

h=—9 an
where Tw and Tm are the average temperature of solid and fluid surface
Table 3

Thermal properties of Inconel-625.

Cp (Jkg 1K™

Properties  p (kg-m ) KsWm 'K  pukgm s

Value 8440 480 14 \
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on fluid-solid coupling domain. Subsequently, Nusselt number (Nu) can
be calculated by Eq. (12), as follows [47]
hDh

Nu = —= 12
u K 12)

where Ky is the thermal conductivity of RP-3 and its value is 0.13
Wom LKL

To evaluate the thermal-hydraulic and thermodynamic performance
of discrete inclined ribs enhanced bend tube at an identical Re, the
extensively used performance evaluation criteria (PEC) and efficiency
evaluation criterion (EEC) are applied in the present study. The EEC and
PEC [48] are calculated from the following formula:

Nu/Nuy
EEC = 13
7/ 42
Nu/Nugy
PEC 14
/)"

where Nuyp and fp are the Nusselt number and the friction factor in the
smooth tube, respectively.

4. Grid independence test and model validation
4.1. Grid system and independence test

The 3D geometrical models and grid systems are executed by com-
mercial programs SolidWorks and ICEM-CFD, respectively. As shown in
Fig. 5, hexahedral grids are adopted as the main mesh structure for the
solid domains, while tetrahedral grids are generated for the fluid and rib
domain. Fig. 5 (c) presents that 14 boundary layer refinements are
applied to fluid-solid coupling surface and the first layer grid size is
0.02 mm. Simultaneously, grids of the leading edge region are encryp-
ted, and the grid size of windward and leeward regions is appropriately
increased due to a simple flow state.

Five different grid systems, with 5 x 10% 1 x 10%, 2 x 10°, 4 x 10°
and 1.15 x 107 mesh elements, are generated for model A to perform a
grid independence test at a Re of 72635. It is visible from Fig. 6 that the
relative errors of Nu and f between the grid systems with 5 x 10° and
1.15 x 107 are 2.7 % and 17.6 %, while the relative errors between the
grid systems with 4 x 10° and 1.15 x 107 are 0.8 % and 2.8 %,
respectively. Hence, the grid system with 4 x 10° elements is considered
sufficiently dense for the numerical analysis. Accordingly, the grid sys-
tem with 4 x 10° elements is adopted to perform the subsequent
simulations.

Applied Thermal Engineering 228 (2023) 120526

540 0.10
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100 200 400 1150

Grid number, x104

Fig. 6. Grid independence test.

4.2. Model verification

Petukhov’s and Gnielinski’s correlation [49,50] for the Nu and the f,
respectively, are given in Egs. (15) and (16). Meanwhile, related
correction coefficients are given in Eqgs. (17) — (19), as follows:

fo = (1.82IgRe — 1.64)° (15)

Nig — /3)(Re = 1000)Pr-M.Cr 16)
1+ 12.7(F/8)" (P23 — 1)

Pr= % a7

M=[+ (Dh/L)m] (18)

Cr=1+103(2D,/®)’ 19)

where Pr is the Prandtl number [51] which can reflect the interaction
between energy and momentum transfer process, playing an important
role in the thermodynamic calculation. The Pr of RP-3 is 3.2049,
calculated from thermal properties in Table 2. M and Cr are the
correction coefficient of irregular section and secondary circulation in
the spiral tube, respectively. Since DACTPS is a curve-shaped channel to
fit the aerodynamic layout of hypersonic aircraft, the effect of heat
transfer enhancement caused by the secondary circulation cannot be

Fluid-solid coupling local

(a)

Overall grid

(b)

Boundary layer details

Fig. 5. Grid system for channel unit.
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ignored.

A comparison between numerical results and correction is depicted
in Fig. 7. It is found that the average deviations of the Nu and f are about
8 % and 14 %, respectively. Therefore, the numerical process adopted in
the present investigation for heat transfer and flow resistance pre-
dictions is judged to be dependable.

5. Results and discussion
5.1. Heat transfer enhancement mechanism

5.1.1. Flow characteristics and temperature distributions

The flow characteristics and temperature distributions of five
enhanced bend tubes are analyzed under the parameter of @ = 45°, n =
12, H/d = 1.0 and L/d = 2.5. It is visible in Fig. 8 (a) that all five ar-
rangements can significantly reduce the outer wall temperature. Model
E has only one pair of inclined ribs with a small heat transfer area,
leading to the minimum heat transfer enhancement. However, Model A
has four pairs of inclined ribs, which has the best cooling effect on the
outer wall. As shown in Fig. 8 (b), the inner wall temperature decreases
by more than 150 K in low Re. It can be investigated that the cooling
effect on the inner wall is related to the number of inclined ribs and
depends on the arrangement of discrete inclined ribs. Fig. 8 (c) presents
that Model D, with only two pairs of inclined ribs, has the best cooling
effect on the inner wall, which is better than Model A, with more in-
clined ribs. Moreover, the inner wall temperature difference between
Model E and Model D is close to 20 K at Re of 10895.

Fig. 9 shows the temperature contours of tubes with smooth, Model A
and Model D arrangements at Re = 18000. It can be seen from Fig. 9 (a)
that a large area of the high-temperature region is present on the outer
surface of the smooth tube. Still, Model A has a better cooling effect on
the outer owing to its double pairs of discrete ribs arrangement, which is
consistent with the temperature curve in Fig. 8 (a). Meanwhile, the outer
temperature of Model D can be controlled below 610 K.

Fig. 9 (b) presents that the inner wall temperature of the smooth tube
reaches 326 K, which cannot meet the normal operation requirement of
electronic devices. Model D has the lowest inner wall temperature and
temperature gradient. Because of the resistance of four pairs of discrete
inclined ribs, the velocity of RP-3 at the leading edge drops sharply,
deteriorating the heat transfer enhancement of the subsequent channel
at the windward region of Model A, as depicted in Fig. 9 (b).

To explore the reasons for the difference in flow characteristics and
temperature distributions of different models, streamline and tangential
vectors are investigated, as shown in Fig. 10. Fig. 10 (a) presents the
section located at the leading edge. Fig. 10 (b) demonstrates that sec-
ondary circulation generated by the smooth tube only improves the heat
transfer performance near the wall and hardly mixes the internal fluid

600 0.08
W Nu- Present Study [
® Nu- Gnielinski Correlation L4 0.07
500 4 +  f- Present Study n .
~ f- Petukhov’s Correlation °
" 0.06
400 - + ®
. 0.05
3 ~
=z .
3004 + " F0.04
+ ]
+
* " 0.03
200 4 ° +
x +
x + + + I 0.02
- }
0o 8° 0.01
I .
]
s
T - - : 0.00
0 30000 60000 90000 120000

Re

Fig. 7. Verification of heat transfer and flow resistance for smooth tube.
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Fig. 8. Temperature variation of different models at « = 45°, n = 12, H/d =
1.0, and L/d = 2.5: (a) outer wall and (b) inner wall (c) inner wall at Re
= 10895.

well. Nevertheless, discrete inclined ribs form longitudinal swirls in the
leading edge to enhance the heat transfer performance of Model A and
Model D. It is visible that double-symmetrical longitudinal swirls are
generated under the simultaneous action of secondary circulation, and
discrete inclined ribs arrangement of Model D. In Model A, the devel-
opment of secondary circulation is limited overly by the performance of
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Fig. 9. Temperature contours of different models at « = 45°, n = 12, H/d = 1.0, and L/d = 2.5: (a) outer wall and (b) inner wall.

four pairs of inclined ribs, causing asymmetrical temperature field and
streamline, which is unfavorable to the temperature control of DACTPS.

Fig. 10 (c) shows the tangential vector and solid temperature dis-
tribution. A large high-temperature area is present on the outer wall of
the smooth tube, circled by red line in the figure. Meanwhile, due to the
asymmetrical swirls, the cooling effect on one side is deteriorated of
Model A, while Model D forms symmetrical solid temperature distrib-
uting uniformly, which is beneficial to the temperature control of
DACTPS.

Fig. 11 presents the flow state of Model D at Re = 18000, including
streamline, as depicted in Fig. 11 (a) and velocity vector, as displayed in
Fig. 11 (b). It can be seen from Fig. 11 (a) that the fluid is disturbed by
discrete ribs at the leading edge, showing a flow state of spiral forward.
In addition, the velocity vector with discrete ribs becomes denser, and
fluid disturbance is more intense, which enhances the heat transfer
performance near the wall.

It can definitely be concluded from the above research that double-
—symmetrical longitudinal swirls are formed because of discrete inclined
ribs with the arrangement of Model D. Central swirls promote the mixing
of internal and near-wall fluid, improving the heat transfer efficiency
and swirls on both sides hinder the interference of wall velocity
boundary layer, which can strengthen fluid scouring on both sides,
reducing the inner wall temperature.

5.1.2. Thermal-hydraulic and thermodynamic performance
Fig. 12 shows the convective heat transfer coefficient (h) and

pressure drop (AP) with the Re increasing of different models at a = 45°,
n=12, H/d = 1.0 and L/d = 2.5. It is visible from Fig. 12 (a) that the h
rises with the increase of Re. The smooth tube has the minimum h, and
the h increases when the number of inclined ribs increases, which is why
Model A, with the most ribs has the best cooling effect on the outer wall.
The AP increases with the Re, as depicted in Fig. 12 (b). At the same Re,
the AP increases with the number of ribs increasing. It is remarkable that
the AP of the smooth tube and Model A reach 5.4 kPa and 15.8 kPa,
respectively. Whereas the AP of Model D is 10 kPa, only 63.3 % of Model
A significantly reduces the AP caused by inclined ribs.

Fig. 13 shows the variation of Nu and f with the increase of Re under
different models. As demonstrated in Eq. (12), Nu should theoretically
present the same trend as h. It can be investigated in Fig. 13 (a) that
discrete inclined ribs significantly improve the Nu of DACTPS, and the
Nu increases by 22 %-33 % compared with the smooth tube for five
models, showing the same trend as h. The f decreases with Re, and the
smooth tube has the most minor f, which is consistent with the study
above. It is noteworthy that f is more sensitive to the change of Re in the
range of low Re, as depicted in Fig. 13 (b).

For the purpose of showing the heat transfer enhancement of discrete
inclined ribs visually, Fig. 14 presents thermal-hydraulic performance
contour of Model D at Re = 36000. It is revealed that high heat flux
appears behind each pair of discrete ribs, which is the dark red region
depicted in Fig. 14 (a). The unique double-symmetrical longitudinal
swirls enhance the heat transfer performance of fluid disturbed by
discrete inclined ribs. Fig. 14 (b) and (c) show the turbulent kinetic
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Fig. 10. Streamline and tangential vector graph of different models at Re = 18000: (a) section location and (b) streamline and (c) tangential vector.

I
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Fig. 11. Streamline and velocity vector in leading edge region of Model D at Re = 18000: (a) streamline and (b) velocity vector.

energy (TKE) and eddy viscosity of Model D at Re = 36000, respectively.
The corresponding value of the discrete ribs region is obviously higher
than that of the smooth tube.

Fig. 15 presents the change of pump power (Wp), PEC and EEC with
Re of different models at « = 45°, n =12, H/d = 1.0 and L/d = 2.5. It can
be seen in Fig. 15 (a) that the variation trend of Wp is consistent with
that of the AP, which is controlled by Eq. (10). The Wp range of Model D
is 0.0002-3.3874 W in the Re range of the present study. Moreover, Wp
increases slowly at low Re and rapidly at high Re. In Fig. 15 (b), the PEC
of Model D is in the range of 0.99-1.18, showing a changing trend of
increasing first and decreasing then. It can be investigated from draw-
ings of partial enlargement in Fig. 15 (b) that the comparison regularity
of PEC of five models is less evident at the Re transition stage. When Re
= 3600, the PEC of Model E is 1.18, which is the lowest PEC of all five
models, while when Re goes up to 18000, the PEC of Model E is 1.03,
which is the highest PEC of all five models. EEC decreases with Re in-
creases, as illustrated in Fig. 15 (c). It is visible that EEC decreases
rapidly at the Re transition stage and decreases slowly at the Re fully
turbulent stage. In the range of turbulent Re studied, the EEC of Model D
is 0.66-1.00. In addition, it can be found from Fig. 15 (b) and (c) that

EEC accurately reflects thermal-hydraulic performance in the turbu-
lence stage, while PEC has no obvious regularity in a range of Re.

5.2. Effects of parameters on thermal-hydraulic performances

The effects of parameters on thermal-hydraulic performances of
Model D are investigated for its best cooling effect on the inner wall and
good thermal-hydraulic performances. The primary task of ACTPS of
hypersonic aircraft is to reduce the inner wall temperature under high
heat flux.

5.2.1. Effects of the rib height-width ratio (H/d)

Fig. 16 depicts the temperature of different H/d at a = 45°, n = 12,
and L/d = 2.5. The rib height (H) varies from 0.5 mm to 2.5 mm,
meaning the height-width ratio (H/d) varies from 0.5 to 2.5. The outer
wall temperature is close to 1200 K at Re = 3600 and H/d = 0.5, which is
lower than the tolerance temperature of Inconel-625, as shown in
Fig. 15 (a). It is visible that H/d = 2.5 has the best cooling effect on the
outer wall for its largest heat transfer area. While the cooling effect is not
only affected by the heat transfer area. It can be investigated from
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Fig. 16 (a) that the cooling effect on the outer wall at H/d = 1.0 is second
only to that at H/d = 2.5, which indicates that the cooling effect is jointly
affected by both the heat transfer area and fluid disturbance.

The inner wall temperature of different H/d with the Wp are shown
in Fig. 16 (b). It can be investigated that 0.5, 1.0 and 1.5 of H/d can
improve the cooling effect on the inner wall in the calculated H/d, while
H/d = 2.0 and 2.5 reduce the inner cooling effect of DACTPS due to
excessive blocking on fluid. H/d = 0.5 has a better inner cooling effect
than H/d = 1.0, while the inner cooling effect of the smooth tube (H/d =
0) deteriorates. Thus, it is concluded that the H/d, which has the most
significant improvement of a cooling effect on the inner wall is in the
range of 0-1 when @, n, and L/d are constant at 45°, 12 and 2.5,
respectively.

Fig. 17 shows the thermal-hydraulic parameters of different H/d at a
=45°,n=12, and L/d = 2.5. It is indicated from Fig. 17 (a) that the AP
increases sharply with Re. When Re = 127000, the AP of H/d = 2.5 is
close to 20 kPa. Besides, the AP increases significantly with the H/
d increasing under the same Re. When Re = 54000, the AP of H/d = 1.0
reaches 2.1 kPa, only 55 % of that of H/d = 2.5. The h rises by a small
margin with the increase of H/d, as displayed in Fig. 17 (b). Fig. 17 (c)
presents that the EEC of H/d = 0.5 and 1.0 are in the range of 0.87-1.09
and 0.54-0.99 at the studied range of Re, respectively.

5.2.2. Effects of the length-width ratio (L/d)

In the present study, the performance of L/d on heat transfer
enhancement of discrete inclined ribs is investigated. Apparently, the
length-width ratio can significantly influence the heat transfer
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enhancement of discrete inclined ribs because of the fluid disturbance
effect and increased heat transfer area. Fig. 18 displays the temperature
variations with different L/d at « = 45°, n = 12, and H/d = 1.0. It is
visible that discrete inclined ribs with different L/d enhance the outer
cooling effect of DACTPS. The outer wall temperature of the smooth
tube reaches 1500 K, while discrete inclined ribs reduce the outer
temperature below 1300 K at Re = 3600, which is lower than the
tolerable temperature of Inconel-625, as shown in Fig. 18 (a). Fig. 18 (b)
presents the variations of the inner temperature with Wp at a = 45°, n =
12, and H/d = 1.0. It is revealed that discrete inclined ribs with different
L/d reduce the inner temperature significantly at the same Wp. In the
calculated L/d, L/d = 1.5 has the minimum inner wall temperature,
while the inner temperature of L/d = 1.0 and 2.0 increase at the same
Wp. Therefore, it can be concluded that the best L/d value for inner wall
cooling is between 1.0 and 2.0 when @, n and H/d are constant at 45°, 12,
and 1.0, respectively.

Fig. 19 displays the thermal-hydraulic parameters of different L/
d with Re at @ = 45°, n = 12, and H/d = 1.0. From Fig. 19 (a), with the
increase of L/d, the AP increases accordingly. The AP of L/d = 4.0
reaches 12 kPa, while the AP of L/d = 1.5is only 6.5 kPa at Re = 127000.
Moreover, with the increase of AP, the disturbance effect of discrete
inclined ribs is more pronounced, and the h increases, as shown in
Fig. 19 (b). It is found from Fig. 19 (c) that the EEC of L/d = 1.5 is
0.85-1.05 at the studied Re, which means overly better thermal-
~hydraulic performance than the smooth tube.
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5.2.3. Effects of group number of ribs (n)

The thermal-hydraulic performance of different group numbers of
ribs (n) at « = 45°, L/d = 2.5, and H/d = 1.0 is investigated to confirm
the best n. The variations of temperature with different n are illustrated
in Fig. 20. It is visible that discrete inclined ribs can significantly
improve the cooling effect on the outer wall. The DACTPS with discrete
inclined ribs can decrease the outer wall temperature below 1250 K at
the same Re, as shown in Fig. 20 (a). Fig. 20 (b) presents the inner wall
temperature of different n with Wp at @ = 45°, L/d = 2.5 and H/d = 1.0.
At the same Wp, the channel with n = 7 has the best cooling effect on the
inner wall, as represented by the pink line in Fig. 20 (b).

To analyze thermal-hydraulic and hydrodynamic performance of
DACTPS with different n at @ = 45°, L/d = 2.5 and H/d = 1.0, three
parameters are depicted in Fig. 21. It can be seen from Fig. 21 (a) that
the AP increases with the increase of n. Compared with the results of the
smooth tube, the AP increases by 17.7 %-57.3 % at n = 7 and increases
by 34.7 %-103.6 % at n = 15 as the Re varies in 3600-127000. Fig. 21
(b) shows the effects of the group number n on h. It is noteworthy that
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the h of different n has less difference basically, while increases obvi-
ously compared with the h of the smooth tube. With the addition of n,
the heat transfer area increases, leading to a greater heat transfer per-
formance. So the outer temperature of n = 15 is the lowest in Fig. 20 (a).
However, the inner temperature depends not only on the heat transfer
area but also on the disturbance of the flow field. Fig. 21 (c) displays the
variation of EEC with Re at a« = 45°, L/d = 2.5 and H/d = 1.0. The EEC of
n = 7 ranges from 0.78 to 1.04, with Re varies in 3600-127000.

In order to better analyze the reason for the excellent inner wall
cooling effect of the enhanced bend tube with n = 7, Fig. 22 presents the
streamline and tangential vector graph withn =0,n=15and n =7 at
Re = 18000. It is investigated that multiple pairs of longitudinal swirls
are generated by secondary circulation and discrete inclined ribs, as
shown in Fig. 22 (b) and (c). Longitudinal swirls form circulation be-
tween the near wall and internal fluid, which improves heat transfer
performance. However, compared with the result of n = 15, n = 7 has
two pairs of longitudinal swirls near the inner wall, as displayed by the
red circle in Fig. 22 (b). n = 15 has an excessive restriction on longitu-
dinal swirls in fluid, which leads to the disappearance of small vortexes
near the wall.

5.2.4. Effects of the tilt angle (o)
As one of the influencing parameters of thermal-hydraulic and
thermodynamic performance of discrete inclined ribs enhanced bend
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tube, the effects of the tilt angle (a) are investigated in the present study.
Fig. 23 shows the temperature variations with differentaatn=7,L/d =
2.5 and H/d = 1.0. At low Re, the outer temperature of the enhanced
bend tube is obviously lower than that of the smooth tube at different a,
while at high Re, due to the different turbulence effects caused by the a,
the outer wall temperature at @ = 60° and 75° are higher than that of the
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smooth tube, which has little impact on hypersonic aircraft because the
outer wall temperature is far below the tolerance temperature of solid
material, as depicted in Fig. 23 (a). Moreover, Fig. 23 (b) presents the
variations of the inner temperature with Wp of different @ atn =7, L/d
=2.5and H/d = 1.0. Under the same Wp, the cooling effect of different a
on the inner wall is better than that of the smooth tube, and « = 15° has
the best cooling effect on the inner wall in all studied a. It is worth
emphasizing that the inner wall temperature of @ = 15° and Wp = 2.24
W is as low as 256.9 K, which is lower than that of @ = 45° and Wp = 2.8
W.

In order to investigate thermal-hydraulic performance of discrete
inclined ribs with different « at n = 7, L/d = 2.5 and H/d = 1.0, the
variations of thermal-hydraulic parameters with Re are presented in
Fig. 24. Fig. 24 (a) shows that the smooth tube has the minimum AP,
while the AP of @ = 15° is lower than that of @ = 0°. It is indicated that «
= 15° is the most suitable turbulence direction for secondary circulation
in bend tube in all studied a, leading to the trend of AP in Fig. 24 (a).
Compared with the smooth tube, the Nu of different & increase signifi-
cantly, as depicted in Fig. 24 (b). It can be obtained from Fig. 24 (c) that
the distribution regularity of EEC of different «a is not apparent at lower
Re, while a = 15° has the maximum EEC of all studied a when the
disturbance formed by the discrete inclined ribs and the secondary cir-
culation develops ultimately at higher Re.
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6. Optimization of discrete inclined ribs parameters
6.1. Optimization procedure

The direct heat conduction problem is solved using the CFD software
above, as shown in Sections 5.1 and 5.2. The effects of H/d, L/d, n and a
are studied, respectively. However, the synergistic effect is not consid-
ered while the geometric parameters are changing simultaneously. It is
unreliable to obtain the optimal solution based solely on the parametric
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analysis in Section 5.2. Therefore, it is essential to use a professional
optimization algorithm for overall optimization.

The H/d, L/d, n and «a are considered primary design variables and
determining factors for the comprehensive active cooling thermal pro-
tection performance of the discrete inclined ribs enhanced bend tube. It
should be pointed out that the difference between design variables and
working conditions. The parameters such as H/d, L/d, n and a are
difficult to change after the design of ACTPS is determined. These pa-
rameters are regarded as variables in the optimization process. But for
Re, when hypersonic aircraft is heated by different heat fluxes, the active
thermal protection requirements are met by changing Re or inlet ve-
locity, which is called working condition change. It can be found in
Section 5 that the size relationship of overall thermal-hydraulic per-
formance such as T, AP and EEC of ACTPS with different variables are
not changed by the increase of Re. Therefore, we carry out the optimi-
zation process of variables under the same Re = 72000. The obtained
optimal solution will have better active thermal protection performance
under a more extensive range of Re. And the same method has been used
to obtain the optimal solution of variables in many references [32,52].
For the inlet temperature, it also can be found that the size relationship
of the overall thermal-hydraulic performance of ACTPS with different
variables is not changed by the change of the inlet temperature [39].
Moreover, if RP-3 is used as the cooling medium, its inlet temperature is
certain before preheating by the ACTPS. So, the Re and inlet temperature
are not considered design variables for ANN.
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When the outer wall of hypersonic aircraft is heated by high heat
flux, the work of ACTPS is to control the inner wall temperature (Tj,)
within a certain range to ensure the normal operation of the internal
electronic devices. Therefore, reasonable Tj, is the object of our opti-
mization. It is noteworthy that the comprehensive index EEC or PEC may
not be optimal under the optimal Tj,. Under the target of controlling the
Tin, the smaller the pressure drop (AP), the less the pump power
consumed, and the more obvious the advantages of the ACTPS. The Tj,
and AP are determined as two conflicting objectives, which represent
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Fig. 22. Streamline and tangential vector graph of enhanced bend tube with n = 0, n = 15, and n = 7 at Re = 18000: (a) section location, (b) streamline, and (c)

tangential vector.

the thermal protection performance and the flow resistance separately.
In view of the heavy workload of direct optimization of the CFD method,
the ANN is adopted as a surrogate model to express the relationship
between the design variables and objectives. [32] The networks for the
Tin and AP, which are trained by ANN, are applied as the objective
functions. Multi-objective optimization is realized using Genetic Algo-
rithm (GA) in MATLAB. Finally, the optimal Pareto front is solved, and
the optimal solutions are determined according to corresponding eval-
uation criteria. [52] The optimization procedure is illustrated in Fig. 25.

6.2. Orthogonal experimental design

The number of tests will increase exponentially if full-factor nu-
merical simulation is applied to explore the optimal parameters. The
orthogonal experimental design can reduce the number of tests while
having the advantages of neat comparability and uniform dispersion.
[53] Table 4 presents the orthogonal experimental design scheme,
named Lg (34), which consists of four variables (H/d, L/d, n, and ) with
three levels, respectively. Table 4 is used to analyze range (ANOR) [54]
to investigate the primary and secondary order and significance of the
influence of four factors.

Table 5 and 6 present the ANOR results of two criteria, Ti;, and AP,
respectively. The calculating equations are as follows [55]:

R = max{L;, I;, 1II;} — min{L;, II;, 1L} (20)
where I, IT; and III j are the sum of criterion corresponding to j column
factors at levels 1, 2 and 3, respectively. For example, the data related to
I;and H/d in Table 5 is 785.72, which is the sum of three data 263.07,
261.19, 261.46 in Table 4. These three data are the corresponding Ti,
orthogonal experimental results when H/d is 0.5. Similarly, the data
related to IIT j and L/d in Table 6 is 11370.88, which is the sum of three
data 2894.70, 4311.60, 4164.58 in Table 4. These three data are the

15

corresponding AP orthogonal experimental results when L/d is 3.5. The
size of range R reflects the effect of related factors on the criterion, as
shown in Tables 5 and 6.

It can be obtained that the order of Rt from large to small is L/d, a, n
and H/d, which means that the change of the factor H/d has the most
minor influence on the Tj,, while the order of Rp from large to small is H/
d, a, n and L/d, which means that the change of the factor H/d has the
greatest influence on the AP. Moreover, the ANOR results of the factor
H/d observed to be identical with the parametric analysis results in
Section 4.2.1. The enhanced bend tube with H/d = 0.5 has the lowest Tj,
at the same Wp, as depicted in Fig. 16 (c). It can be concluded that factor
H/d increases the AP significantly while having little effect on Tj,.
Videlicet, in the process of increasing the variable H/d, more pump
power is consumed, but the little cooling benefit is obtained. As shown
in Tables 5 and 6, factor L/d can cause a significant variation in Tj, at a
lower AP cost, and the effects of the factor a, n on Tj;, and AP are
moderate. Consequently, the factor H/d is fixed at 0.5 mm in the fol-
low-up study.

6.3. Results of ANNs

As listed in Table 7, The values of three design variables are uni-
formly selected for CFD simulation. Regarding the rule of the orthogonal
test, an orthogonal experimental design scheme, named Ly4g (7%), con-
sists of three design variables (L/d, n, and a) with 7 levels, respectively.
The CFD results of 49 cases are used as sample data for the ANN.

A three-layer back propagation ANN with a tan-sigmoid transfer
functions at hidden and output layers is applied to train the data derived
from numerical simulations [52]. ANN contains an input layer with
three neurons (L/d, n, and «), a hidden layer and an output with one
neuron (AP or Ti), as depicted in Fig. 26. Subsequently, Fig. 27 illus-
trates the neuron-independent test in the hidden layer. The Mean Square
Error (MSE) and Regression coefficient (Reg) are used as the evaluation
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indexes of the training results. They are expressed as follows: [56-58]

N

1
N Z (yl- - yi,ANN)2

i=1

MSE = 21

(22)

The number of neurons in the hidden layer affects the accuracy of the
ANN. [51] Smaller MSE and Reg close to 1 lead to higher prediction
accuracy, so hidden layers of 8 and 9 neurons are chosen in the study for
AP and Tj, respectively.

Random 80 % and 20 % of data are used for network training and
testing, respectively. In the prediction process of ANN, 80 % of calcu-
lated CFD results are used for neural network training, and the
remaining 20 % are used to test the trained neural network to improve
its prediction accuracy. Fig. 28 compares the values of CFD results and
values of ANN prediction. The maximum relative error of the pressure
drop AP is + 2.6 % and —4.7 %, +0.21 % and —0.28 % of the maximum
inner wall temperature T, Based on the above, ANN has a relatively
reliable prediction accuracy.

6.4. Results of multi-objective optimization

In the present study, the general feature of heat transfer enhance-
ment is that the Tj, decreases with the increase of AP. The
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multi-objective optimization problem can be expressed as follows:
Minimization AP = netap(L/d, n, )
T, = netr, (L/d, n, a) (23)

Subject L/d € [1.0, 4.0]
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Fig. 25. The multi-objective optimization procedure of design variables.

Table 4
Orthogonal experimental design scheme and results.
Test number H/d L/d n « Tin AP
1 1(0.5) 1(1.5) 1) 1(15) 263.07 2201.79
2 1 (0.5) 2(2.5) 3(12) 2 (45) 261.19 2694.14
3 1(0.5) 3(3.5) 209 3(75) 261.46 2894.70
4 2(1.5) 1(1.5) 3(12) 3(75) 263.25 3578.11
5 2(1.5) 2(2.5) 209 1(15) 261.00 2902.13
6 2(1.5) 3(3.5) 1(7) 2 (45) 260.97 4311.60
7 3(2.5) 1(1.5) 209 2(45) 261.17 4334.53
8 3(2.5) 2(2.5) 1) 3(75) 262.65 6128.73
9 3(2.5) 3(3.5) 3(12) 1(15) 261.40 4164.58
Table 5
ANOR results of Tj,.
Results H/d L/d n a
I 785.72 787.49 786.69 785.47
IJ; 785.22 783.36 783.63 783.33
jun 785.22 783.83 785.84 787.36
Ry 0.50 4.13 3.06 4.03
Table 6
ANOR results of AP.
Results H/d L/d n a
I 7790.63 10114.43 12642.12 9268.5
1I; 10791.84 11725.00 10131.36 11340.27
11J; 14627.84 11370.88 10436.83 12601.54
Rp 6837.21 1610.57 2510.76 3333.04
Table 7
Selected values of design variables for CFD.
Variables Values
L/d 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0

n 6,7,8,9,10,11, 12
a/® 0, 15, 30, 45, 60, 75, 90

nel6, 15

ael0,90] 24

The group number of ribs n must be integral to the actual conditions.
Therefore, it is rounded in the optimization process. It is pointed out that
the minimum change of L/d and « are 0.5 and 15° to facilitate produc-
tion in general engineering applications. The theoretical optimal solu-
tion and engineering optimal solution will be given in the following
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research, respectively. A non-dominated sorting genetic algorithm
(NSGA-II) [59] is applied for multi-objective optimization to get the
Pareto front. Table 8 shows the parameter settings of NSGA-II. The
Pareto front is obtained as depicted in Fig. 29.

The Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) was developed by Yoon and Hwang [60]. The idea of TOPSIS is
to evaluate the comprehensive distance between any scheme in the
system and the ideal and negative ideal optimal solution through
calculation, which are represented by O and O’ in Fig. 29, separately.
The relative closeness to the ideal solution represented by the evaluation
index, which is also depicted in Fig. 29. It is investigated that point B has
the highest value of C in the optimization range. Therefore, the indi-
vidual marked by point A, at which the L/d, n, and a are equal to 3.19, 11
and 14.3°, is the optimal solution chosen by TOPSIS. However, in
practical engineering, the design variables corresponding to the optimal
solution are approximately 3, 11 and 15°, respectively. The values of
objectives for the optimal solution point A are 261.86 K and 2471.2 Pa.
Compared with the smooth tube, the AP only increases by 375.5 Pa,
about 18 %. At the same time, the inner wall temperature decreases by
3.36 K, which means a significant improvement in the cooling perfor-
mance of DACTPS for hypersonic aircraft. Meanwhile, the geometric
model of point A is simulated to get EEC = 1.02, and PEC = 1.09 at Re =
72000, which is in a fully turbulent flow state. Point A achieves an
excellent cooling effect and thermal-hydraulic performance with mod-
erate pressure drop. It is proved that discrete inclined ribs enhanced
bend tube based on DACTPS is a potential thermal protection structure
for hypersonic aircraft and has excellent synthetically cooling perfor-
mance. Moreover, it should be considered to be applied in other tur-
bulence thermal protection problems to improve thermal-hydraulic
performance and reduce energy consumption.

In order to verify the effect of optimization and the accuracy of ANN
prediction, the CFD results of design variables for Point A are given in
different Re, as depicted in Fig. 30 and Fig. 31, respectively. Fig. 30
presents the variations of the Ty with Wp of the smooth tube and opti-
mized tube. With the increase of Wp, the Tj, of the smooth tube and
optimized tube decreases significantly. However, the curve of the opti-
mized tube is located below the curve of the smooth tube, which means
that the cooling effect of the optimized tube is better than the smooth
tube under the same Wp. Fig. 31 (a) and (b) show the variations of the
AP and Ty, with Re of the optimized tube. It can be found from Fig. 31 (b)
that when the Re reaches 20000, the Tj, of the optimized ACTPS can be
reduced to below 300 K. Moreover, When Re = 72000, the CFD results of
AP and Tj, are 2416.4 Pa and 261.62 K, respectively. The deviation of AP
and Tj, prediction results of ANN for the corresponding design variables
of point A is 2.3 % and 0.09 %, respectively. The 49 sets of CFD results
selected by orthogonal experimental design form an ANN with high
prediction accuracy.

It is found from CFD results of Point A that discrete inclined ribs
enhanced bend tube in the present study has a good thermal-hydraulic
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performance at larger Re range. Comparisons between the present study
and references are presented in Fig. 32. The enhanced heat transfer
components under lower Re are selected as wavy delta winglet [61],
conical protrusion [62], inclined trapezoidal vortex generators [48],
perforated trapezoidal winglet [63], punched rectangular wing [64] and
V-baffles [65]. And the compared works under higher Re are inserting
inclined curved-twisted baffles [66], plate inserts [67], longitudinal fins
with Nano fluid [68], corrugated tube [69], inserting rods [70], straight
tube with ribs [71] and conical strip inserts [40]. As shown in Fig. 32,
discrete inclined ribs enhanced bend tube has an excellent thermal-
-hydraulic performance at a larger Re range. With the increase of Re, the
EEC decreases slowly and stabilizes near 1.0. Moreover, it is worth
noting that the enhanced bend tube realizes a coupling mechanism of
flow and heat transfer enhancement. The secondary circulation gener-
ated by the leading edge curvature of hypersonic aircraft and longitu-
dinal swirls generated by the discrete inclined ribs cooperate to achieve
heat transfer enhancement with higher overall thermal-hydraulic per-
formance, thereby improving the active cooling performance of DACTPS
for hypersonic aircraft.

7. Conclusions

In the present study, a discrete inclined ribs enhanced bend tube
based on “Diamond” active cooling thermal protection system (DACTPS)
for hypersonic aircraft was proposed. The thermal-hydraulic and active
cooling effects were investigated through numerical simulation. Mean-
while, the impact of different parameters, including rib height-width
ratio (H/d), length-width ratio (L/d), group number of ribs (n) and tilt
angle (a) combined with their heat transfer enhancement mechanism,
were analyzed. The conclusions are summarized as follows:

(1) The discrete inclined ribs enhanced bend tube realizes a coupling
mechanism of flow and heat transfer enhancement. The second-
ary circulation generated by the bend tube and longitudinal
swirls generated by the discrete inclined ribs cooperate to achieve
heat transfer enhancement with higher overall thermal-hydraulic
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Fig. 28. The relative error of CFD simulation and ANN prediction: (a) AP and
(b) Tin.

Table 8

Parameter settings of NSGA-IL.
Parameters Values
Population size 300
Generations 1000
Crossover fraction 0.8
Pareto fraction 0.3
Functional tolerance 1E-5

performance, thereby improving the active cooling performance
of ACTPS for hypersonic aircraft.

(2) Five different arrangements of ribs are designed and investigated.
The Nu of the enhanced bend tubes are 22 %-33 % higher than
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—

that of the smooth tube. It is visible that double-symmetrical
longitudinal swirls are generated in enhanced bend tube under a
single upper and lower arrangement (Model D), which has the
best cooling performance on the inner wall. At the studied range
of Re (3600-127000), the PEC and EEC reach 0.99-1.18 and
0.66-1.00, respectively. In addition, it can be found that EEC
accurately reflects thermal-hydraulic performance in the turbu-
lence stage, while PEC has no apparent regularity in a range of the
lower Re. EEC is more representative of thermal-hydraulic per-
formance at the turbulent stage in the bend tube.

The different parameters (H/d, L/d, n and a) of Model D are
studied, of which the range is 0.5-2.5, 1.0-4.0,6-15 and 0°-90°,
separately. At Re = 72000, the inner temperature decreases up to
4.4 K. The Nu and f increase about 9.9 %-28.8 %, 16.5 %-111.5
%, respectively, and the EEC reaches 0.43-0.96. It is found that
under the influence of secondary circulation in the bend tube, the
combination of parameters will significantly affect the distribu-
tion of longitudinal swirls. Moreover, many pairs of small vortices
near the wall can improve active thermal protection
performance.

Orthogonal experimental design and analysis of range (ANOR)
are used to simplify the sample size. The parameter H/d has little
effect on heat transfer enhancement when significant pressure
loss occurs. Therefore, H/d is fixed at 0.5 combined with the
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optimal results of the parameter analysis. The Pareto front shows
that the design variable for the L/d = 3.19,n =11, and a = 14.3°
is the optimal solution by the TOPSIS selection. At Re = 72000,
the corresponding Ti, and AP are 261.86 K and 2471.2 Pa. The
EEC and PEC reach 1.02 and 1.09, respectively. Meanwhile, a
design variable for the L/d = 3.0,n =11, and @ = 15°are given for
ease of engineering.

Recently, there have been many types of research on heat transfer
enhancement of the circular, straight tube but few studies on flow and
heat transfer characteristics of the irregular-shaped bend tube. This
paper designs and presents a study on discrete inclined ribs enhanced
bend tube based on the DACTPS. The feasibility of realizing heat transfer
enhancement by combining the secondary circulation with longitudinal
swirls formed by rib turbulence is verified. At a high Reynolds number
range, this method has superior thermal hydraulic performance, which
meets hypersonic aircraft’s active thermal protection requirements with
lower pressure drop. Our paper aims to propose a new design scheme for
ACTPS and provide some experience and guidance for the design of
ACTPS for hypersonic aircraft.
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