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Abstract Advancement in technologies needs a critical heat removal technique for better exergo-
economic performance of compact air heat exchangers. The passive technique is used for heat trans-
fer improvement with various turbulators inserts TTI, PTTI, and DTTI in plain tube air heat
exchanger. This paper investigates the exergo-economic sustainable performance of heat exchanger
devices assisted with water-based different tripartite hybrid nanofluids under various geometrical
turbulator inserts modifications. Simulation is proceeded for tripartite hybrid nanofluids of mainly
six various compositions based on the nanoparticles morphology variant and three different turbu-
lators inserts at the core of plain tubes heat exchanger. The four E’s (Exergy, Energy, Economic,
and Environmental) aspects with sustainability analysis of the device are studied with operating
parameters. Results revealed that only nanofluid would not be useful for energy enhancement, while
turbulator inserts with THNF result in a significant improvement in the thermohydraulic perfor-
mance of the device. The device inserts with DTTTI in plain tubes using THNF 6 results in the high-
est26% overall heat transfer coefficient, 2.94% exergy efficiency, 5.04% performance index, and
higher sustainability index at low Reynolds number, meanwhile turbulator inserts yield to highest
91.94% operating cost and equivalent CO,emissions. DTTI with THNF 6 is preferred as working
fluid as PEC ranges highest 1.42-2.35, and THNF 2 working fluid should be least preferred due to

its high operating cost.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Heat exchangers have been widely used in the automotive
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Nomenclature
m Mass flow rate
0 Heat transfer (W) Abbreviation
A, Air side surface area CF Colburn factor
A, Total surface area CFR Coolant flow rate
Ar Fluid surface area DTTI  Dimpled twisted turbulator insert
Ay Fin surface area HX Heat exchanger

A Frontal area of HX

AlLO;  aluminium oxide

C, Specific heat (J/kg. K)

CuO copper oxide

D, Hydraulic diameter (mm)

Ifr friction factor

h Heat transfer coefficient (W/m> K)
Nu Nusselt number

P Pressure (Pa)

Py Dimpled pitch

P, Longitudinal tube pitch

P, Perforated pitch

P, Transverse tube pitch

Re Reynolds number

T Temperature (°C)

TiO, Titanium oxide

Y Twisted pitch

ol Thermal conductivity (W/m. K)

Greek symbols

T Dynamic viscosity (Pa. s)
o Density (kg/m®)

® volume fraction

g Shape coefficient

MWCNT Multi-walled carbon nanotube
PEC Performance evaluation criteria

PT Plain tube

PTTI Perforated twisted turbulator insert
N Sustainability index

THNF Tripartite hybrid nanofluid

TTI Twisted Turbulator insert

Subscripts

a air
p pump

pp Pumping power
pf primary fluid

eff effective

f fluid

i inlet

e exit

max maximum

gen Generation

0 Dead state

np nanoparticles

ce Coolant exit

hnf Hybrid nanofluid
nf Nanofluid

exchanger and therefore heat transfer improvement techniques
have a focus on thermofluid research to establish an energy-
efficient heat exchanger (HX) [1] and avoids thermal failure
of the HX. Heat transfer improvement technique has broadly
classified into two categories mainly active and passive. The
active technique requires an external power agent like a mag-
netic field, vibration while the latter technique does not require
any external power source and only utilizes the flow energy for
heat transfer augmentation. The passive method includes the
use of fin addition, geometrical modification, tube inserts,
and others while its easy installation at a lower cost makes it
superior and widely used [2]. Twisted tape and helically coiled
inserts are widely used as passive heat transfer techniques as
these inserts improve heat transfer effectiveness, swirl flow gen-
eration, flow continuation, elongated residence time and gener-
ates a secondary flow in a direction perpendicular to the flow
[3-5]. Several studies have been studied to intensify heat trans-
fer performance using twisted turbulator insert [TTI] along
with little geometrical modification. In the following, some
recent studies on turbulators will be reviewed. Eiamsa-
ardet al. [6] analyzed heat transfer and thermohydraulic per-
formance of peripheral v-cut twisted turbulator inserts and
compared them to the plain tube (PT). The author revealed
TTI augmented heat transfer on increased depth ratio and
decreased width ratio of v-cut. Murugesan et al. [7-9] investi-
gated a cumulative impact on nusselt number and friction fac-

tor on introducing twisted turbulators of peripherally v-cut
configuration, rectangular-cut configuration, and trapezoidal
cut TTs. The author revealed that peripheral cut enhanced
fluid mixing and thus improves heat transfer performance.
Chu et al [10] later investigated TTI in a heat exchanger
obtained an enhanced nusselt number and friction factor and
successfully achieved the performance evaluation criteria
(overall performance index) in the range of 1.18 to 1.23. Nak-
chi et al. [11,12] investigated HXs with double cut and rectan-
gular cut TTs. The authors concluded a net enhancement in
the Nusselt number index in the range of 2.3-2.9 ata penalty
in pressure index of 1.4-1.8. Some researchers introduced
novel perforated Twisted turbulators inserts (PTTI) of various
perforates for further heat transfer improvement. Like Suri
et al. [13] introduced squares centered perforated twisted tur-
bulators and compared to the TTI and revealed that due to
the presence of multiple squared perforates in the TTI a fur-
ther higher heat transfer and friction factor achieved in the
HX as perforated shape provides swirl induction, fluid mixing,
and secondary flows. While Nananet al. [14] introduced perfo-
rated helical twisted turbulators and revealed a net decrement
in heat transfer and frictional penalty compared to helically
twisted turbulators. Most researchers [4,15,16] used PTTI to
study thermohydraulic characteristics of HX and revealed an
enhancement in heat transfer and friction factor compared to
PT. Also, researchers focused on some other geometrical alter-



4 E’s (Energy, Exergy, Economic, Environmental) performance analysis 5035

ations in Twisted turbulators like heat transfer effects due to
the presence of delta winglets [17]. Eiamsa-ardet al. [I8§]
reported a net performance enhancement of 13% compared
to TTI when delta winglets were introduced at periphery while
on further another study [19] when delta winglets introduced at
center caused a net performance enhancement 40% higher
than TTI. Also, geometrical modification dimple twisted tur-
bulator inserts (DTTI) enhanced the heat transfer perfor-
mance. Ligraniet al. [20] introduced three different pitch
lengths of a circular centered dimple in TTI and revealed a
net performance evaluation index of 1.6 at a lower dimpled
pitch ratio author also claimed that due to the presence of dim-
pled curvature turbulent intensity caused an increase in the
speed and also dimpled curvature helps to induce vortices in
fluid flow causes a heat transfer augmentation. In Passive tech-
niques, the utilization of nanofluid rather than a conventional
fluid is another option for thermal performance improvement
in HXs. Several authors utilized nanofluid as a working fluid in
different engineering applications such as refrigeration appli-
cation [21], solar energy-based application [22,23], electronic
cooling systems [24.,25], heat exchangers [26,27], natural circu-
lation loop [28], and automotive industry [29,30]. Nanofluid is
a better heat transfer agent compared to ordinary fluid thus
makes it suitable to be used in various applications. Better
thermal enhancement is achieved in presence of nanofluid
due to the combined effect of various mechanisms, like
nanoparticle interaction and clustering for enhanced thermal
conductivity, Brownian motion of the particles in fluid flow,
interfacial fluid—solid particle layering, nanoparticle shape fac-
tor [31].Anwar et al. [32,33] investigated the influence of the
shape effect and shape factor of nanoparticles on the heat
transfer mechanism and concluded a net thermal enhancement
of 9.5%.Several studies [34,35] revealed nanoparticle addition
to the primary fluid enhances the heat-carrying capacity and
plays a crucial role to be selected as working fluid in HXs.Sh
eikholeslamiet al. [36] numerically investigated the heat trans-
fer behavior of nanomaterial with modified helical turbulator
and obtained a reduction in thermal irreversibility of 89.95%
with increased pumping power.Although TTI was also investi-
gated in a wavy tube of different turbulator tapes by Hasan-
pouret al. [37]. The author revealed that HX outcomes
higher Nusselt number and friction factor compared to simple
tape except for porous media which has lesser friction factor.
Esmaelzadehet al. [38] investigated thermo-hydraulic perfor-
mance of HX using nanofluid of various tape thicknesses.
They found 34.5% higher heat transfer using nanofluid with
larger tape thickness comparatively. Various nanofluids like
Al Os-water [39], TiO,—SiO, —water [40], TiO,-water [41],
CuO-water [42] was investigated with twisted tapes and
resulted in a better heat transfer medium. Therefore, combined
nanofluid and turbulators improve HX performance. As per
the literature review, various nanofluids of different types have
been studied, at low concentration yields excellent heat trans-
fer agent. Recently researchers [43-46] focused on a new type
of nanofluid Tri/Ternary/Tripartite hybrid nanofluid [THNF]
which at lower volume concentrations yields a better overall
performance index in HXs like evaporative coolers, automo-
tive radiator applications. Although thermal devices generate
irreversibility which is also a significant parameter to analyze
a thermal system to identify the exergy distribution. Bahiaei
et al. [47] studied efficiency and entropy generation on an elec-
tronic cooling HX using hybrid nanofluid compounded gra-

phene —silver nanoparticles. The author claimed nanofluid
remarkably reduces the overall temperature. Bahiraeiet al.
[48] investigated a double pipe HX with Twisted turbulators
and revealed a net lower entropy generation in cross arrange-
ment than a parallel arrangement of turbulators. Eiamsa-ard
et al. [49] investigated a DTTI with TiO2-water as a nanofluid
and revealed that a lower pitch and lower nanoparticle concen-
tration yields a better HX. Also, Singh et al. [50] performed an
experimental investigation on TTI using a hybrid nanofluid
composed of Al,O5-TiO,/ water and obtained enhanced overall
performance. Meanwhile, several studies are available that ana-
lyzethe second law of thermodynamics for nanofluids [51-53].
Turbulator inserts offerfluid flow destruction and boundary
layer regeneration causes enhanced heat transfer, which is a
motivation to select turbulators. From the literature review,
no research study is availableon four E’s analysis using THNF’s
as a working fluid to the turbulator inserts in air HX as well as no
study available for the suitable selection of THNF as a working
fluid to be utilized in a compact heat exchanger. The present
investigation deals with four E’s (Energy, Exergy, Economic,
and Environmental) comparative analysis of air heat exchanger-
susing THNF’s as working fluid utilizing various Turbulators.
The novelty of the present investigation are:-

e Four E’s analysis of six different THNF utilizes as a hot
working fluid in tube sideof a compact airHX.

e Effect of turbulator inserts (TTI, PTTI, and DTTI) in air
HX with THNF as working fluid on the Four E’s.

e The combined effect of THNF’s and turbulators inserts on
thermohydraulic parameters [Performance Evaluation Cri-
teria, Sustainability index, Performance Index and Second
law analysis] of air HX.

e CO,discharge and running cost analysis for sagacious selec-
tion of turbulators and THNF’s.

2. Modeling and simulation

The theoretical performance-based analysis was studied on a
wavy fin and staggered tube air heat exchanger, cross unmixed
fluid flow type, with some dimensional detail and fluid flow
directions as shown in Fig. 1. Air passes through the fin gap
and hot fluid passes through staggered tubes. Meanwhile, a
detailed dimension of the HX on both sides, air, and hot fluid
sideare measured in the laboratory and tabulated in Table 1.
Also, geometrical modifications inserts of TTI, PTTI, and
DTTI within tubes with dimensional details studied have
shown in Fig. 2 and tabulated in Table 2. The present analysis
focuses on exergy, energy-economic, and environmental anal-
ysis, with performance evaluation of an air HX of staggered
tube arrangement using different THNFs comprised of three
different nanoparticles in terms of properties, behavior, and
shape. Also, the further investigation focuses on the effect of
various inserts [TTI, PTTI, DTTI] in air heat exchanger on
second law analysis with parameters entropy generation, irre-
versibility, and second law efficiency with Reynold number
as varying parameter. For analysis, the following general
assumptions are stated below.

e Heat rejected from THNF isgained by air (No heat loss to
the environment)
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Fig. 1

Table 1 Dimensional details of selected compact Air heat
Exchanger.

Description Air Side Coolant side
Fin side pitch (mm) 3.5

Fin thickness (mm) 0.15

Tube outer diameter (mm) 9

Tube thickness (mm) 0.5
Longitudinal Pitch (mm) 19.6

Transverse Pitch (mm) 24.8

Depth of HX(D) (mm) 54

Tube Arrangement Staggered
Free flow area/Frontal area 0.79 0.128

Fin area/Total Area 0.83

e The compact HX device operated at a steady-state steady
flow.

e Flow is a fully developed flow.

e The thermophysical properties of a fluid determine at mean
temperature.

e Inserts resistance is ignored.

ial

0.15mm

Unmixed cross fluid flow Air Heat Exchanger.

2.1. Numerical model in airside analysis

Air heat exchanger analysis, airside Colburn factor, Wang
et al. [54] proposed a correlation to determine Colburn factor
of HX with wavy fin and staggered tube configuration is deter-
mined as:

1.201
CF=——~. 1
In(Re2™") m
Reynolds Number and mass velocity on airside is deter-
mined as,

a DH
MV, =" andRe, = MV, 2% )
Afr M,
Convective heat transfer coefficient on airside is evaluated
as,
_CFxMV,*cp,
ha = Pri” A3)
Fin efficiency of wavy configuration has determined as,
tanh (mrE,u)
;/I m = -
& mrEp

PTTI

DTTI

Fig. 2 Dimensional and pictorial configuration of modified Turbulataors inserts (TTI, PTTI, and DTTI).
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Table 2 Detail dimensions of studied Turbulator inserts.

Turbulators Y [mm] W [mm] Y/W P, [mm] P4 [mm] P,/Y Py/Y Insertst; Thickness [mm]
TTI 85 5 17 - - 0.5
PTTI 85 5 17 21 0.25 0.5
DTTI 85 5 17 21 0.25 0.5

Where non-dimensional parameter and geometrical param-
eters that influence fin efficiency is determined as,

K= (&— 1) * (1 +0.35(ln&)),
r r

R Y 0.5
:‘1:1.27*( 170.3) . (6)

m

—
W
Nl

P (PN (Y
Y,,,—7andY1— <7) +<?> . (7)

Heat capacity of air is evaluated as,
Co=py*x Vax A % cp,. (8)

2.2. Thermophysical properties of tripartite hybrid nanofluids
[Hot Fluid]

The tri hybrid nanofluid composition consists of three various
nanoparticles (based on shape, nature, characteristics) well
spread mixed in the primary fluid water. Heat exchanger per-
formance depends upon the thermophysical properties of the
working fluid. Therefore, density, specific heat capacity, ther-
mal conductivity, and viscosity play a key role in heat transfer
and pressure drop penalty in a heat exchanger. Thus it is an
essential task to predict the thermophysical properties accu-
rately. To investigate the application of nanofluid in a heat
exchanger, following amalgamations of ternary nanoparticles
were mixed, 0.6% of total volume concentration into the pri-
mary fluid water:

I A1203 + CuO + T102
ii. ALL,O3 + CuO + Graphene
iii. ALLO3 + CuO + MWCNT
iv. ALO; + TiO; + Graphene
v. AL,O; + TiO, + MWCNT
vi. AL,O; + Graphene + MWCNT

Detail thermophysical characteristics of selected nanoparti-
cles are listed in Table 3. The density of the tripartite hybrid
nanofluid is calculated as [44]:

Pinp = @191 + 2Py + 0303 4 (1 — 0 — 03 — @3)p,. )

Subscripts 1, 2, and 3 represent the three different nanopar-
ticles of an individual composition tripartite hybrid nanofluid
where w = w; + w; + w3 which represents the total volume
fraction. Tripartite hybrid nanofluid heat capacity is expressed
as [55]:

(pc,,)/m/. = ) (pc,,)l + wy (pc,,)2 + w3 (pc,,)3

+ (1 — o *Q)z*ﬂ)3)(ﬂ€l7)pf. (10)

Transport fluid properties of the tripartite hybrid nanofluid
depend upon the primary fluid, nanoparticle morphology
(spherical, platelet, and cylindrical), nanoparticle type, and
individual volume concentration of nanoparticle. Thus, Effec-
tive dynamic viscosity and effective thermal conductivity of tri-
partite hybrid nanofluid are evaluated as [56]:

(1)

(12)

OTjf = O1Tpp1 + O2Tpr2 + W3Ty13.

WOy = W1 0f1 + W20y + 3013

Where, 7,/; and a,; are dynamic viscosity and thermal conduc-
tivity, respectively, for the mono nanofluid for total volume
fraction consisting of i™(i = 1, 2, or 3) kind of suspended
nanoparticle into the base fluid. Nanofluid viscosity and con-
ductivity of the i'™ kind of nanoparticle (of required shape)
spread are determined respectively,

Tyfi = ‘1:1,/(1 + B+ ),,-wz) (13)

Snfii _ Opi + (& = Doty + (& — Do (o0 — o) (14)

Opf i + (G- 1)“17/'* w(“pi - ‘xpf)

Where the enhancement coefficients for the dynamic viscosity
(p andA) and empirical shape coefficient, {, for different shapes
of nanoparticles are enlisted in Table 4. Different shapes and
sizes of the nanoparticle influence its thermophysical proper-
ties. MWCNT (Multi-Walled Carbon Nanotube) nanoparti-
cles are cylindrical, while, graphene nanoparticles are of
platelet shape meanwhile remaining nanoparticles are of spher-
ical morphology. Above empirical correlations were used in
the entire investigation to determine the thermophysical prop-
erties of Tripartite hybrid nanofluids.

2.3. Heat exchanger performance evaluation

Hot side total heat capacity rate is given by,
(15)

Hot fluid passes through tubes and under steady flow par-
allel tube combination pressure drop in a single tube is
expressed as,

C/' = plmf Vfcp,lmf-

L 2
Ap, = 0.5 x f; x D, X Py X V7 (16)
Where Nusselt number and friction factor for plain tube fluid
flow under turbulent flow regime has determined using suitable
correlations proposed by Gnielinski [57];

f;=[1.58 x In(Re;) — 3.28] ,0.5 < pry < 2000, 3000

< Rey < 5000000. (17)
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Table 3 Nanoparticles thermophysical characteristics [27,43]

Particles Density (kg/m®)  Specific heat (J/kg.K)  Thermal conductivity (W/mK) Particle Size (hnm)  Morphology
Aluminium Oxide (Al,O3) 3890 880 40 50 Spherical
Copper Oxide (CuO) 6310 531 18 50 Spherical
Titanium Oxide (TiO,) 4170 711 4.8 40 Spherical
Graphene 2200 790 5000 50 Platelets
MWCNT 2100 740 3007.4 40 Cylindrical

Table 4 Enhancement and empirical morphology coefficients.

Morphology Spherical Platelet Cylindrical
p 2.5 37.1 13.5
A 6.2 612.6 904.4
4 3 5.7 49
J

Nu= | (Re, = 1000) x Pr, x 0.5 x -
1127 (P = 1) x (%)

(18)

Thnf Cp mf

Where non-dimensional parameters evaluated as, Pry = =2 .
i

PinsVDi
Tf

Now, under the passive technique when Twisted turbulator
inserts introduced, Nusselt number in turbulent flow has deter-
mined a correlation proposed by Mangliket al. [5§]

and Rey =

2D/, T 08
Nugy; = 0.023Re)*Pr)* (1 +0.769— ) (m>
’ ’ - FilJp

n+2—24D,\" (19)
n — 4t;D,,

While friction factor for twisted turbulator inserts has been
determined using correlation of Smithberg and Landis pro-
posed for a turbulent case with water as fluid flow [59] as,

: Y o Re \77
f,~—4<0.046+2.1(D—h—0.5) )(1 +2/n> (20)

Where,

z—o.z<1 + 1.7(D—Yh>o'5) 21)

While moving to the next turbulator, PTTI and DTTI, fric-
tion factor and Nusselt number has been determined using cor-
relation proposed by Dagdevir and Ozeceyhan [60]
respectively;

For Perforated Twisted Turbulator inserts case,

Y
<36.2,2300 < Re; < 22754 (22)

—0.13672
f;=0.986776Re; ***"? (0.01 + J) ,2 < Pry

—0.09157

Nuprr = 0.034299 Re) 5 Pry415%(0.01 4 P, Y) (23)

When Dimpled twisted turbulator inserts case [59],

P —0.13672
f;=0.970112Re; 7! (0.01 + —‘1) .2 < Pr

Y
<36.2,2300 < Re; < 22754. (24)

Nuprrr = 0.033199Re) NS Pey 3574 (0,01 + Py y) *P7 . (25)

Now Overall heat transfer coefficient (UA) of the HX is
evaluated as,

L_ 1 1 @ o
UA  n,h,As  hA; 2nLo, UA
! ! + R,. (26)

- ﬂohvo + hyA;

Where overall surface effectiveness is determined as [60],

A in
- Af” (1 - nﬁn)' (27)

n, =1

While the Effectiveness of cross unmixed fluid flow type
HX is determined as [61],

.22

e=1—exp exp(—C'NTU"™ —1)|. (28)

o

Where, NTU = 24 and Net Heat transfer rate across HX is
evaluated as,
Q = gclnin(T/li - Tu‘[) (29)

Tube side pumping power, Fan and tube pumping effi-
ciency has considered as 65%, is calculated by,

Ap, x CFR
Py = —— (30)
Mp
Airside net pressure drop is determined by [62],

MV Pui 2F; (Pui
Ap,=—=|(1+° <ﬂ—1)+ﬂ <“"’+1)}. 31
P 2pa,i |:( ) Pae f Dh«,ﬂ Pae ( )

Fan power required to drive the fan has determined as,

_Ap x Vi x Ap,
'7])

Fp (32)

After evaluation of heat transfer and power consumption, a
related performance parameter index has been evaluated as
[63],

Y

Pl=——"—.
Ppp + Fp

(33)
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Second law analysis of wavy fin and tube air heat exchanger
is necessary for qualitative energy analysis. Two unmixed fluid
flow mainly air and hot fluid although air is considered as a
compressible fluid flow while the latter one remains incom-
pressible within the heat exchanger. Thus entropy generation
is determined as the sum of airside entropy and tube side
entropy. Net entropy generation is calculated as [26]:

S ’Tt e
Son = 1ty | ¢paln =2 — R In?e
a,i pa,i
; Tﬂ' Pae = Pai
+ my [C '/,,,/'111'—' — . (34)
' o T/li phn/Tflmeun

Exergy loss by hot fluid (Tube side) is the addition of heat
transfer with thermal entropy generation and viscous entropy
generation across tube side, is calculated as[27],

AEXf = Q
+ To [y g ( Ty / Tre) = 1t AP/ (P Tymean) |- (35)

Whereas, cold air takes heat from the hotter fluid and
exergy gain of air is evaluated as,

AEx,=Q — T, [mac[,aln(Ta?L,/T,,_,,-) + Ih,,Rln(pu‘,-/p“,e)}. (36)

After exergy analysis of air and hotter fluid, Second law
efficiency or Exergy efficiency is calculated as,

AEx
_ a 37
P! AEx; (37)
Now, the irreversibility is given by,
1= TySeen- (38)

Entropy generation Number, a Non-dimensional parame-
ter adopted by Mishra et al. [64] to study the effect of heat
capacity with entropy generation, is determined as,

ng
Cmax

To identify ultimate utilization of the resources on applica-
tion Sustainability index (SI) has been studied which is defined
by the exergy ratio [65].

1
ST = (40)
Based on different turbulators used in the investigation, the
heat transfer enhancement coefficient has been defined as the
Nusselt number ratio. It indicates the heat enhancement due
to geometry modification. For different turbulators heat trans-
fer enhancement compared to Nusselt number with plain tube

define as,

Neen = (39)

(Nuf) TTI/PTTI/DTTI (41)
(N ”/) PY
Due to the use of different turbulators, heat enhancement

occurs at the cost of pressure drop penalty, relative pressure
drop penalty coefficients for different inserts is defined as,

Nu, =

(/;‘) TTI/PTTI/DTTI
= YITTY/PTTY/ DT 42
f’ (ff) PT ( )

The performance evaluation criteria (PEC) combines both
heat transfer enhancement coefficient as well as relative pres-

sure drop coefficient ratios to determine heat transfer improve-
ment at a given pumping power consumption. To judge the
practical luxury of Turbulator inserts in air HX, PEC was eval-
uated at equal power consumption. The mathematical formu-
lation of pressure drop and coolant flow rate at constant power
requirement for plain tube HX and turbulator inserts HX can
be expressed as:-

(CFR x Ap) pr = (CFR X AD) gy prryyprr (43)

Further, it may be encountered as,
3N 3
(f,-Re )PT - (};-Re )TTI/PTTI/DTTI (44)

On combining the equation (43) and (44), at a given pump-
ing power PEC is defined by Webb et al. [60] as,

Nu,
A
The utilization of various inserts and THNFs in heat
exchangers enhances performance at cost of pumping power.
Power consumption in terms of CO, discharge will be a major
criterion for analysis. Coal-based power generation supplies
electricity to the main power substation. CO, discharge analy-
sis can be claimed to utilize carbon emission factors. CO,dis-
charge [67] evaluated as:
Dl.SCO7 :ficoz PN;[t”m (46)
: 10
Where Disco,is the carbon dioxide discharge to the environ-
ment in tons per year, f.,, represents the carbon discharge fac-
tor. The carbon discharge factor is taken to be 0.820 kgCO,/
kWh (Location based). P,.,, represents the net power con-
sumption in kW requires to run the equipment in an hour
while ¢,,, is the annual operating time (h/Annum) of the heat
exchanger. Heat exchanger operating cost is determined by
net electricity consumption and evaluated as [45]:

HXOpc'ratingCost = PNm‘ Lrun CL’/FL’fl‘i(fft}' (47)

PEC = (45)

Data analysis has been evaluated by assuming that Heat
exchangers run continuously twenty-four working hours per
day and a total of 180 days of the year before maintenance.
The Electricity price (Cpgecmiciry) has been considered as 8 per
kWh.

2.4. Numerical procedure and model validation

The governing set of coupled equations has been solved using
EES (Engineering Equation Solver) to evaluate the bulk mean
temperature of both fluids, internal fluid (Hot fluid), and exter-
nal fluid flow (air) for different Reynolds number. Estimation
of temperature outlets is programmed to determine fluid prop-
erties. For four E’s analysis of air heat exchanger with Turbu-
lators for various THNFs, simulation methodology with the
help of flow chart layout in the chronological order for the out-
comes has been demonstrated in Fig. 3.

The stepwise numerical chronology of the present investiga-
tion for the outcomeare described below:

Step 1:Fluids entrance temperatures (T = 70 °C,
T, = 30 °C), Reynolds number, and THNF thermophysical
properties at 0.6% volume fraction with constant air velocity
5 m/s have been assigned as an initial inlet condition for TTI
inserts to air HX and simulated for particular THNF.
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Step 2: EEES numerical simulated to determinethe convec-
tion heat transfer coefficient for air and THNF’s for twisted
turbulator inserts using a suitableset of correlations [57-61].

Step 3: Simulation is done to determine the air side, hot
fluid side pressure drop, and heat transfer coefficient for the
selected inserts and THNF.

Step 4: Overall heat transfer coefficient and pumping power
is determined from the simulated code of EES.

Step 5: Using the &NTU technique, simulation is done to
get the outlet temperatures of both fluids. A similar procedure
is followed for PT, PTTI, and DTTI for different THNF prop-
erties at inlet conditions using the required correlations for
inserts [27,43,44,55,56].0utcomes data are recorded for analy-
sis and repeated the numerical procedure from step 1 for each
Turbulator inserts using all six THNF’s.

To check the validation of theoretical results, Simulated
code results have been compared with the available experimen-
tal results [68] of HX. To compare from experimental results
alumina water fluid has been air velocity set as a variable
parameter. The entrance temperature of alumina water is
80 °C, the same air entry temperature has been considered, alu-
mina water outlet temperatures and heat transfer rate effects
with air velocity has been compared. It is found that a likewise
trend of hot fluid outlet temperatures and heat transfer rate
compared to experimental results shown in Fig. 4. Meanwhile,
heat transfer rate differs maximum by 5% with the experimen-
tal data while 4% maximum difference found compared to
experimental results in case of hot fluid outlet temperature.
Comparison is based on a plain tube air heat exchanger using
a nanofluid.

3. Result and discussion

Effects of TTI, PTTI, and DTTI on Nusselt number with Rey-
nolds number of THNFG6 utilized in air HX compared to the
absence of turbulators are presented in Fig. 5. In general, the
Nusselt number varies linearly with the Reynolds number.

Linear variation is mainly due to amplified turbulent intensity,
which is also a reason for intensified convective heat transfer
coefficient. Turbulators used in air HX enhance the Nusselt
number significantly. Although, turbulators created a radial
intense mixing of the fluid which is normally absent in air
HX without turbulators. The reason for the enhancement of
Nusselt number in presence of turbulators in air HX is mainly
due to swirl flow generation, thermal boundary layer interrup-
tion, and radial pressure gradient generation. However, among
turbulators, PTTI and DTTI in HX shown the largest
enhancement due to additional boundary layer interruption
in presence of perforated and dimpled holes than TTI. Also
larger the number of dimpled and perforated holes higher
the Nusselt number in returns due to more and rapid interrup-
tion in the thermal boundary layer. Although, at lower Re (be-
low 7900), due to increased resident time of fluid flow causes a
higher percentage increment of nusselt number. However, TTI
has shown 182.2 —34.8%. PTTI has 214.2 — 46.2% while DTTI
has 273.6 — 78.5% higher Nusselt number compared to HX
without any turbulators at lowest and highest Reynolds num-
ber. Although, Friction loss caused due to the presence of with
and without turbulators with Reynolds number in the range of
(2400-15000) is presented in Fig. 5. Curve trends show a sim-
ilar reduction of frictional loss of turbulators inserts and the
plain tube. However, the friction factor shows a progressive
decrement with an increased Reynolds number. At lower Re,
high frictional forces occurred at the backward of twisted tur-
bulators and thus enhance the vortices generation resulted in
higher friction loss. The friction factor of turbulators is higher
compared to plain tubes for obvious reasons. Mainly increased
surface area in presence of turbulators, amplified swirl inten-
sity, and the loss of higher viscosity vicinity to the tube surface
and thus resulted in a blockage in fluid flow are several reasons
for frictional factor loss. Although, TTI 63.6 — 66.4%, PTTI
164.7 — 186%, and DTTI resulted in 185 — 214.1% higher fric-
tional factor compared to plain tube air HX.

Comparative effects of overall heat transfer coefficient and
pressure drop across the HX of different turbulators for

Repeat and record the data for each inserts and THNF Step 5
Inlet conditions to the A'rs'd.e
Evaluation

HX
. Inlet temperature, THNF \

(70 °C), air (30 °C) gm— : Using Q=f(e,T)

Air velocity (5 m/s), 11, ¢ Ap = f ( THNF, inserts, ff) UA =f(h,, h;) — Exit
*  Hot side flow rate Re — = e-NTU temperatures

(2400-15000), 772 Evaluation of /I / e
+  Thermophysical hot side

properties of fluids. l OV

TTI, PTTI, DTTI to the HX v

Pumping power
f(Ap)

Step 1 Step 2

Step 3

sepd

Qutcomes .
Energy :Heat transfer (Q), Overall heat transfer coefficient, Nur, Outlet
temperatures, Performance Index (Pl), SI, PEC

Exergy: Entropy, second law efficiency, Exergy, Irreversibility
Economic and Environment: CO2 Discharge, HXoc

Fig. 3

Flow chart layout of the numerical procedure.
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THNF 6 (Al,O3; + Graphene + MWCNT-Water) with Rey-
nolds number compared to plain tube has shown in Fig. 6 Tur-
bulators cause swirl flow generation and a relative centrifugal
force created between the turbulators and tube wall. Also, fluid
residence time along with an increased mixed fluid flow
between tube surface and tube core area amplifies the sec-
ondary flow therefore in turbulators overall heat transfer coef-
ficient is higher compared to the plain tube for each Reynolds
number. Now, among turbulators, DTTI has shown the high-
est overall heat transfer coefficient compared to PTTI while
lowest for TTI. While at a lower Reynolds number, below
7900, a significant enhancement in presence of turbulators
was found. At Re 3600, DTTI has 11%, PTTI has 8.9%,
and TTI has7.7% higher overall heat transfer coefficient com-
pared to without inserts in air HX. This could be due to DTTI
and PTTI promoted the strength of swirl flow and regenera-
tion of boundary layer near the dimpled and perforated area.

Significant enhancement occurs with a penalty in pressure
drop. Pressure drop variation with Reynolds number for var-
ious inserts for THNF has represented in Fig. 6. Pressure drop
variation trend for turbulators found similar to the plain tube
with Reynold number. Pressure drop increases with increased
Reynolds number. Turbulators have resulted in higher pres-
sure drops than the plain tube. Turbulators cause immense sec-
ondary flow, addition causes a high blockage of the fluid inside
the tube of the tube with inserts and with high loss of viscosity
which resulted in a higher pressure drop. Moreover, at lower
Re, the pressure drop is lower while at higher Re, greater than
7900, causes an immense pressure drop could be due to higher
interaction among pressure force and inertial force at the
boundary layer. For THNF 6, DTTI has 190 — 214% higher
pressure drop, PTTI has 169 — 185% higher penalty while
TTI has 65 — 69% higher pressure drop penalty relative to
without any inserts to air HX at lowest and highest Reynolds
number respectively.

Nusselt number enhancement was found to be higher at a
lower Reynolds number. This is because the impact of twisted
turbulators was more dominant at lower Reynolds number
while friction factor was more in low Reynolds number while
relatively gets lower when mass flow rates increased. However,
the heat transfer enhancement coefficient (Nu,) as stated in
equation (40) for various geometrical modifications of an air
HX operated with several THNFs at 3600 Re is presented in
Fig. 7. Air HX of DTTI showed the highest Nu, and lowest
was obtained in case of TTI while intermediate Nu, for PTTI
HX compared to smooth tube air HX. As TTI causes sec-
ondary flow near the twisted tape and increased the residing
time of fluid flow while along with the above phenomenon per-
forated twisted turbulator additionally causes an interruption
in the boundary layer near the perforated holes and dimpled
curvature of DTTI produces additional strength to the swirl
flow intensity and redevelopment of boundary layer generation
of same hole diameter and pitch than PTTI which could be the
reason for increased heat transfer enhancement ratio than

120
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Fig. 5 Nusselt Number and Friction factor with Reynolds Number.
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smooth tube air HX. As per the Nusselt number enhancement
ratio, working fluid THNF 6 should be preferred in the air
HX. Furthermore, friction factor ratio (f;) variation for differ-
ent working fluids and under various turbulators is also shown
in Fig. 6. Among Turbulators, DTTI has shown higher friction
factor ratio than PTTI while the lowest is obtained in the case
of TTI. DTTI caused strong flow vortices which further
strengthen the swirl action compared to PTTI and TTI. This
could be the motivation for the selection of turbulators at
low Re. Moreover, as per the friction factor ratio, lower f,
should be preferred, therefore, THNF 1 (Al,O; + CuO
+ TiO, -Water) and THNF 3 (Al,O; + CuO + MWCNT-
Water) should be preferred as working fluid in air HX for
lower power consumption.

Performance evaluation criteria or thermal performance
factor which identifies the practical use and benefits of the
air HX with various turbulator inserts. PEC was evaluated
to estimate the energy utilized in presence of various turbula-
tors at a given input power using equation (44). Thermal per-
formance factor variation with different turbulator inserts
(TTI, PTTI, and DTTI) for different hot working fluids is pre-
sented in Fig. 8, Re 3600. For all the cases studied PEC more
than unity is considered as an energy-saving in terms of perfor-
mance enhancement. DTTI in air HX attributed the highest
PEC for all hybrid nanofluid considered and showed a mean
of 2.29 PEC. The lowest mean PEC of 1.40 was obtained in
the case of TTI While PTTI in air HX contributed an interme-
diate mean PEC of 2.24. This is due to at lower Re, thermal
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enhancement was more dominant compared to friction factor
in presence of Turbulators. Moreover, Inspection of various
hybrid working fluids utilizes in HX with various inserts
reveals a little but significant variation in PEC. Among several
THNFs, THNF 6 (Al,O; + Graphene + MWCNT - Water)
achieved the highest PEC than the rest of the hybrid working
fluid studied. The preferred order of hybrid working fluid
based on higher PEC in terms of energy savings would be
THNF 6 most likely preferable while the least preferred hybrid
nanofluid would be THNF 4 (Al,O; + TiO, + Graphene-
Water) therefore, for exergy, entropy, and second law analysis
THNF 6 (Al,O; + Graphene + MWCNT - Water) as a
working fluid has been investigated.

Requirement of second law analysis in detail to have the
minimum entropy and mean entropy principles within HX.
The utilization of qualitative energy in terms of exergy change
of coolant and exergy change in the air of an air HX under dif-
ferent geometrical modifications for THNF 6 at different Rey-
nolds numbers is presented in Fig. 9. At lower Re, thermal
entropy generation is dominant, both exergy change in air
and exergy change in the coolant (hot fluid transfers energy
to secondary fluid air) shows a large improvement with turbu-
lators inserts, as inserts in the plain tube cause a restriction in
flow and cause blockage of flow which amplifies the residence
time which causes higher exergy exchange between the fluids
compared to air HX of plain tube configuration. Also, the
radial direction of fluid flow in turbulators causes further
intensification in exergy exchange. Beyond Re 6500, however,
an enhancement in exergy exchange continued due to incre-
ment in turbulent intensification although the rate of incre-
ment remains lower due to viscous entropy generation
dominancy than thermal entropy. Although DTTI in air HX
caused the highest (21.94 — 2.2%) exergy change of coolant
due to high secondary flow generation than PTTI (19.4 —
1.5%) and lowest for TTI (17.7 — 1.2%) compared to air HX
of plain tube configuration at lowest Re 2400 and highest Re
15,000 respectively. Due to a similar reason, exergy change
of air was found highest in the case of DTTI at mean improve-

ment of 9.65% and lowest for TTI with a mean enhancement
of 6.6% compared to air HX of Plain tube configuration, while
an intermediate range of enhancement found for PTTT air HX.

As the overall heat transfer coefficient in the case of air HX
with DTTI was higher while lowest for air HX without turbu-
lator inserts for the same reason, heat transfer has also shown
similar variation with Reynolds number as shown in Fig. 10.
At lower Re 2400, enhancement in heat transfer was found
to be highest. Also, another dimensionless number entropy
generation number variation with Reynolds number for vari-
ous turbulator inserts is shown in Fig. 10. Entropy generation
number depends upon the entropy generation and heat capac-
ity. Increased Re increases the viscous entropy generation as
well as thermal entropy generation of the fluids, although,
higher Reynolds number viscous entropy generation domi-
nates over thermal entropy generation. Thus, the entropy gen-
eration number increased with Re. However, a comparison
analysis reveals that at Re 6500, DTTI has 4.9 %, PTTI 3.8
%, and TTI has a 3.2 % relatively higher entropy generation
number compared to an air HX with plain tubes. Entropy gen-
eration number increment comparatively still lesser compared
to Nusselt number enhancement of HX with various inserts
therefore results suggest a better design of compact HX
achieved with turbulators.

Effects of various six THNFs used as a working fluid on
second law efficiency in air HX with different turbulator
inserts at lower Re 3600 is explored in Fig. 11. Second law effi-
ciency or exergetic efficiency indicates the utilization of quali-
tative energy to brings up better thermal design systems.
Higher efficiency conveys an improved thermal design of the
air HX. Although, different turbulators made a significant
improvement in exergetic efficiency compared to air HX with
plain tubes and it is due to a larger increase in exergy loss by
the hot fluid (THNFs) than exergy gain in air. However,
among turbulators, DTTI in air HX in any working fluid stud-
ied, showing the highest second law efficiency compared to
remaining inserts while the lowest obtained for PT air HX.
Thus, an air HX with various turbulators inserts effectively
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Fig. 8 PEC of Turbulators for THNFs.
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aimed at a better thermal device. Although, THNF has also
shown an impact on exergetic efficiency, the lowest percentage
enhancement in the range of 1.54 — 2.54% of second law effi-
ciency obtained for the THNF 1 (Al,O; + CuO + TiO, -
water) type for TTI and DTTI in air HX respectively while
highest improvement in exergetic efficiency obtained when
operated with THNF 6 (Al,O3 + Graphene + MWCNT-
water) in the range of 1.9 — 2.84% for air HX with TTI and
DTTI respectively compared to air HX with Plain tube config-
uration.Therefore from the second law analysis, and air HX
operated with THNF 6 working fluid and DTTI turbulators
performs better compared to other turbulators. However, for
every turbulators studied, the preferred order of using THNF
as a working fluid in air HX on exergetic efficiency basis to be

as THNF 6 > THNF 4 > THNF 2 > THNF 5 > THNF
3 > THNF L.

Also, a parameter that involves the combined effect of heat
transfer, and power requirement to run an HX is the Perfor-
mance index. The performance index of air HX under different
geometrical modifications and various hybrid nanofluids is
presented in Fig. 12 at Re 3600. DTTI offers higher swirl gen-
eration as well as boundary layer interruption due to the pres-
ence of dimpled on twisted turbulators which enhances heat
transfer more compared to PTTI and TTI air HX than pump-
ing power required. Therefore, the Performance index
obtained highest when DTTI air HX has been used while
among turbulators lowest obtained when air HX with PTTI
and TTI is used. DTTI in air HX operated with different
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THNF working fluid and found that DTTI has shown the low-
est increment of 4.4% PI compared to air HX of plain tubes
operated with THNFI1(Al,O3; + CuO + TiO, -water) and
highest PI improvement of 5 % when operated with THNF
6 (AlLO; + Graphene + MWCNT-water) due to significant
thermophysical behavior and morphological change. Among
various hybrid nanofluid operated, a range of 2.9 — 3.5 %
higher performance index obtained in TTI arrangement com-
pared to plain tube air HX for THNF 1 and THNF 6 respec-
tively. However different geometrical modifications operated
with different hybrid nanofluid has shown a significant
improvement in performance index and the order of perfor-
mance index enhancement could be used as the selection of
working fluid priority as THNF 6 > THNF 4 > THNF
2 > THNF 5 > THNF 3 > THNF 1 in any turbulators of
an air HX compared to plain tube HX.

Moreover, the purpose of turbulators was to enhance the
heat exchange between hot fluids (THNFs) or coolant and
air in an HX. Various inserts enable Hotter fluid or coolant
to transfer its heat to the air at a faster rate. So far now Lower

Performance Index with THNFs for Turbulators.

Reynolds number shows a great improvement in heat transfer
utilizing Turbulator inserts. Therefore, the coolant or hot fluid
(THNF 6) outlet temperature of HX with various Turbulator
inserts at lower Re (below 7900) is depicted in Fig. 13. When
mass flow increased residence time decreased therefore temper-
ature drop has reduced. However, turbulator inserts improved
the radial fluid flow direction which allows the tube core hot
fluid to strike on the tube wall from which air takes the heat.
And due to the high radial temperature gradient, a higher tem-
perature drop is possible. Although at Re 2400, DTTI has able
to maximum of 1.05 °C, PTTI has 0.84 °C and TTI has man-
aged to 0.74 °C lowered coolant temperature compared to
air HX with plain tubes.

The best way to study energy utilization can be understood
in terms of entropy analysis. Higher the entropy lesser effective
use of energy within an HX. In general, thermodynamically,
HX of lower entropy should be preferred. For a fluid flow,
heat exchange process, entropy causes due to thermal change
as well as the pressure drop across the flow. As seen from
Fig. 14, thermal change is quite appreciable in low Reynolds
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number and beyond that mass flow rate increment thermal
change is little significant and viscous entropy gets dominant.
Therefore, the entropy change of coolant remains near about
the same, see Fig. 14, beyond Re 6500. Although, among stud-
ied turbulators, the highest entropy change of 5.6 % in the case
of DTTI, 4.4 % intermediate for PTTI, and lowest 3.7 % for
TTI air HX compared to without turbulated air HX at Re
6500. Also, Irreversibility variation with Re for different Tur-
bulators in HX for THNF 6 as a working fluid is presented in
Fig. 15. Irreversibility signifies the entropy generation as it is
proportional to it while, entropy generation is proportional
to the mass flow rate therefore, the trend shows increased irre-
versibility with Re.

Irreversibility also signifies the exergy loss difference among
heat exchanging fluids [36]. It is found that even turbulators
inserts cause higher irreversibility compared to without Turbu-

lator insert. A common order of higher heat transfer and pres-
sure drop follows as DTTI showed highest and lowest for TTI
while an intermediate variation in PTTI air HX of studied
working fluids. This is due to DTTI creates extra vorticity
and produces a regeneration of boundary layer at the dimpled
positions and is sufficiently more than that has produced at
perforated positions. Moreover, a comparison analysis reveals
that at Re 6500, DTTI turbulators inserts have caused 4.2 %,
followed by PTTI 3.1% and 2.5% least higher irreversible TTI
air HX compared to that of without inserts air HX.

A non-dimensional parameter, SI, depends upon coolant
exergy change and exergy loss, which reveals the effective
energy utilization. However, a study reveals that SI increased
with the increase in the mass flow rate of coolant. A variation
in SI with several studied working fluids for different turbula-
tor inserts of air HX is presented in Fig. 16. Air HX without
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inserts shows relatively lower SI compared to inserts. Mean-
while, As coolant exergy change is highest in the case of DTTI.
Thus, DTTI resulted to be a genuine higher SI for all working
fluid cases studied among different turbulators investigated.
DTTI showed a maximum SI of 1.187 numerical value when
working fluid is THNF 1. Although comparing increment in
SI with PT air HX from other tube inserts for the different
working fluid, then THNF 6 has maximum enhancement. So
on the basis of SI in terms of percentage enhancement, differ-
ent tube inserts, compared to PT air HX order of preferred
working fluid as a coolant is THNF 6 (Al,0; + Graphene
+ MWCNT - Water) > THNF 4 (ALO;3 + TiO, + -
Graphene -Water) > THNF 2 (Al,O; + CuO + Graphene -
Water) > THNF 5 (AlL,Os; + TiO, + MWCNT - Water)
> THNF 3 (AlLO3 + CuO + MWCNT - Water) > THNF
1 (AL,O; + CuO + TiO, - Water). Therefore, hybrid nanoflu-

ids of different shapes are most likely to have the highest
enhancement relative to like morphology.

Power supply to the air HX for pumping power of pump
and fan to run continuously requires coal combustion, there-
fore, discharge of CO, annually and HX operating cost for
various operating fluids of different Tube inserts in a compact
air HX is shown in Fig. 17. HX operated for 180 days caused
the highest CO, discharge required of 10.4 kg for DTTI air HX
while a minimum 5.2 kg requirement of CO, discharge is
obtained without inserts air HX. Also, related HX operating
cost investigated which shows a similar trend of variation dis-
charge CO, discharge varied with THNFs and various inserts.
While TTI requires 30.5 %, PTTI 80 %, and DTTI 90.8%
higher average CO, discharge compared to without inserts
HX. Among investigated THNFs, compared to plain tube
HX, for different tube inserts, a lesser operating cost would
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Fig. 17 CO, Discharge and HX OC with THNFs for various
Turbulators.

be preferable as THNF 4 > THNF 5 > THNF 6 > THNF
3 > THNF 1 > THNF 2. The operating cost of THNF 2 is
highest due to a larger pressure drop compared to other hybrid
nanofluids investigated. Therefore, where lower cost is a
requirement THNF 4 should be selected as a working fluid
in air HX with inserts.

4. Conclusion

In this present investigation, compact air heat exchanger
device with various performance improvement technique is
studied. Air passed through HX to takes heat from the coolant
or hot fluid. Tripartite hybrid water-based nanofluids are used
as hot fluid instead of simple water. Different Turbulator (TTI,
PTTI, and DTTI) inserts are introduced in air HX and com-
pared performance parametersto the PT air HX. Effect on per-
formance parameters with Reynolds number and THNFs are
also studied. Modified turbulator inserts are compared on
energy, exergy, irreversibility, entropy, exergo-economic, sus-
tainability, and environmental aspects. The following key
points are:

e Tripartite hybrid nanofluid utilized in air HX shows mild

improvement, while THNFs with modified turbulator

inserts in air HX provide remarkable enhancement, as

DTTI turbulator shows highest 183% and 111.3% Nu,

compared to TTI and PTTI respectively using THNF 6

working fluid.

The highest overall heat transfer coefficient obtained for

DTTI air HX using THNF 6, at Re 2400 with a 26% net

improvement than PT air HX.

e The highest PEC in turbulators are obtained for THNF 6 in

DTTTI air HX, 4% higher PEC than THNF 4 working fluid.

Cost analysis and carbon discharge to the environment

reveal THNF 2 to be least and THNF 4 to be most likely

preferred working fluid as THNF 2 working fluid
requires91.4% higher running cost than PT air HX.

e The DTTI modified turbulators with THNFG6 as a working
fluid shows the best choice to be used as working fluid due
to higher overall heat transfer coefficient, 21.94% exergy
change, 2.94 %second law efficiency, 5.04% performance
index and 0.5% higher sustainable index than without
inserts air HX.

e At lowest Re 2400, DTTI shows highest 33.12% Coolant
entropy change, 19.73% irreversibility, and 28.3% entropy
generation number, than PT air HX followed by PTTI, and
TTI using THNF 6 working fluid.
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