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Abstract

In this paper, the thermophysical properties of carbon dioxide (R744) in supercritical region during the startup of gas cooling
process were widely investigated in a horizontal hairpin gas cooler. The dynamic model was discretized by the fully implicit

finite volume method. The thermophysical properties were evaluated through the REFPROP dynamic libraries linked to

Matlab. The results showed that, the thermophysical properties of R744 are characterized by large variations along the gas

cooler during the transient period. In the pseudo-critical region, the behavior of the specific heat, thermal conductivity,
density and dynamic viscosity is characterized by an instantaneous change in the amplitude. The specific heat is the
property most affected by the transient phenomenon in the gas cooler. Its behavior has a great impact on the local heat

transfer coefficient of R744.
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Resumen

En este trabajo, se investigan ampliamente las propiedades termofisicas del di6xido de carbono (R744) en la regién

supercritica durante el arranque del proceso de enfriamiento de gas, en un enfriador horizontal de tipo horquilla. El
modelo dindmico fue discretizado mediante el método de volimenes finitos completamente implicito. Las propiedades
termofisicas se evaluaron a través de las bibliotecas dindmicas REFPROP vinculadas a Matlab. Los resultados mostraron

que, las propiedades termofisicas del R744 se caracterizan por grandes variaciones a lo largo del enfriador de gas durante

el periodo transitorio. En la region pseudo-critica, el comportamiento del calor especifico, conductividad térmica, densidad

y viscosidad dindmica se caracteriza por un cambio instantdneo en la amplitud. El calor especifico es la propiedad méas
afectada por el fendmeno transitorio en el enfriador de gas. Su comportamiento tiene un gran impacto en el coeficiente de

transferencia de calor local del R744.

Palabras clave: enfriador de gas, didxido de carbono, propiedades termofisicas, fendmeno transitorio, sistema transcritico.

1 Introduction

Vapor compression system, is the most widely used
technology for refrigeration and air conditioning.
Its popularity is due to its high coefficient of
performance (COP), compactness, and lower
operating costs.  Despite these advantages, the
main drawbacks of vapor compression systems
are the high energy consumption and the leakage
of refrigerants, belonging to chlorofluorocarbons
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(CFCs), hydrochlorofluorocarbons (HCFCs) which
have greater Ozone Depletion Potential (ODP) and
Global Warming Potential (GWP) (Lugo-Leyte et
al., 2013; Belman-Flores et al., 2014). So, faced
with this precarious situation and according to the
Kyoto (Woerdman, 2000) and Montreal protocol
(Dull et al., 1989), scientists began to look for new
alternatives. However, several studies have focused
on the use of refrigerants which belong to the family
of hydrocarbons (Granryd, 2001), hydrofluoroolefins
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(Tanaka and Higashi, 2010), blends (Neil and Owen,
2004), and natural refrigerants (Bolaji and Huan,
2013) in which there are: carbon dioxide (ASHRAE,
2009), ammonia (Bjorn, 2008), water (Lachner,
2007) and air (Butler et al., 2001). Unlike all these
new alternatives, carbon dioxide has a remarkable
advantage because it is nontoxic, nonflammable,
and no harmful environmental impact. Despite the
advantages offered by the carbon dioxide, its main
inconveniences are the low critical temperature (31.06
°C) and the high critical pressure (7.38 MPa). With
a lower critical temperature, the vapor compression
system operating with the R744 tends to have a
higher volumetric capacity for a given application;
therefore, leads to a decrease in the COP (Sarkar
and Agrawal, 2010). Furthermore, the high critical
pressure causes several effects that influence in the
design of the components, particularly the design of
compressors and heat exchangers. Also, it can create
security problems in the cycle components (Kim et al.,
2004). It should be noted that the vapor compression
system operating with carbon dioxide in transcritical
conditions is most concerned by the instability in the
thermophysical properties. This instability occurs
more in the supercritical region, and precisely in
the heat exchanger called gas cooler. In this heat
exchanger, a little variation in temperature or pressure
can produce a large change in the thermophysical
properties, and then leads to significant variations in
both heat transfer and fluid flow behaviors. These
variations are more meaningful when the R744
temperature is near the critical point (Peixue et al.,
2008; Sanchez et al., 2012).

In this way, several investigations on the behavior
of the thermophysical properties of R744, the heat
transfer coefficient and pressure drop during gas
cooling process began to be conducted on different
types of gas cooler such as: horizontal single in-
tube (Son and Park, 2006), horizontal macro, mini or
micro channels (Huai ef al., 2005; Yun et al., 2007),
vertical multi-port tube or mini-channels (Liao and
Zhao, 2002; Duffey and Pioro, 2005; Yoon-Yeong and
Hwan-Yeol, 2009). Other works have been focused
on bundles and finned tubes technology (Zhao and
Ohadi, 2004; Ge and Cropper, 2009). In general, these
studies were focused on the impacts of variations in
the operating pressure and/or mass flow of R744, as
well as in the diameter of tube wherein the R744 flows,
on the heat transfer coefficient and pressure drop.
Son and Park (2006) investigated on heat transfer
and pressure drop characteristics of R744 during gas
cooling process in a horizontal tube. Results of this

study showed that the local heat transfer coefficient
decreases when the gas cooling pressure increases
during the process. However, in the middle stage of
gas cooling process where the refrigerant temperature
is close to the critical temperature, the heat transfer
coefficient changes much with respect to the pressure
variation. But, for constant inlet pressure of gas
cooler, the local heat transfer coefficient increases with
respect to the mass flux. Similar results were also
obtained by Liao and Zhao (2002). As emphasized
by Huai er al., (2005), the mass flux has a significant
influence on the pressure drop at a fixed operating
pressure, the pressure drop increases with the mass
flux. But, for a fixed mass flux, the pressure drop
decreases with the operating pressure because the
variation in the thermophysical properties of R744
becomes smaller as the operating pressure increases.

Some research (Kim et al., 2007; Dang and
Hihara, 2010; Hoo-Kyu and Chang-Hyo, 2010; Li
et al., 2011; Fang and Xu, 2011) have focused
in the development of new correlations to calculate
heat transfer coefficient, given that there were some
inconsistencies between theoretical results based on
some existing correlations and experimental results.
Others have addressed the dynamic analysis of gas
cooler. These studies were specially carried out on
the steady state behaviors of thermophysical properties
and heat transfer coeflicient. Sanchez et al., (2012)
developed and validated a stationary model of a water-
R744 coaxial gas cooler. This model based on
the finite volume method, was designed to analyze
the effect of the number of finite volume on the
maximum error of the enthalpy and heat capacity
of the gas cooler, and the influence of the variables
that determine the gas cooler thermal effectiveness.
Despite the interesting results obtained in steady state,
no information about the transient state of the analyzed
properties has been given. Ge and Cropper (2009)
used the distributed method for developing the steady
state model of finned-tube air-cooled R744 gas cooler,
in order to predict accurately the great variation of
both refrigerant thermophysical properties and local
heat transfer coefficients during R744 gas cooling
process. The model has been validated with the test
results from published literature by comparing the gas
temperature profiles along the coil pipes from inlet
to outlet at different operating conditions. Results
showed that the temperature and the heat capacity are
both improved with the increase of heat exchanger
circuit numbers. Peixue et al., (2008) investigated on
the method to obtain the local heat transfer coefficients
of carbon dioxide at supercritical pressures in vertical
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multi-port mini-channels and in a vertical small tube
under cooling process. Steady state behavior of heat
transfer coeflicient along the gas cooler was carefully
analyzed. The experimental results showed that the
sharply variable thermophysical properties of carbon
dioxide have a significant effect on the local heat
transfer coefficient which varies significantly along the
vertical mini-channels and small tube when the R744
bulk temperatures were near the critical region.

By analyzing the contents of different work
referenced above, it becomes clear that there is
no work in which behaviors of all thermophysical
properties are widely described. Most of analyses
are limited in describing the behavior of properties or
heat transfer coeflicient depending on the temperature
of R744, in order to know how they behave with
respect to the critical or pseudo-critical temperature,
without showing how each property behaves along
the gas cooler during the process. In addition, no
research has focused on the analysis of the transient
behavior of R744 properties, while it well known to all
that transcritical systems are very sensitive to changes
in operating conditions, and the gas cooler is the
component in which temperature and pressure of the
refrigerant are independent (Kim et al., 2004). This

paper provides detailed information on the behavior
of thermophysical properties of R744 during the gas
cooling process, especially in transient regime. And
also investigates on the impact of changes in these
thermophysical properties on the local heat transfer
coefficient during the transient period, with emphasis
on the transient behavior of the Prandtl and Nusselt
numbers, in order to have a better understanding of
R744 behavior during the startup and steady operation
of the gas cooler.

2 Description of the gas cooler

The gas cooler which is studied in this paper is a
horizontal hairpin heat exchanger as shown in Fig.
la. It is designed for an experimental facility which
is under construction in the Engineering Division of
the University of Guanajuato. This heat exchanger
is constituted of nineteen inner tubes (see Fig. 1 b)
in which the refrigerant (R744) flows. These tubes
are assembled in an annulus (see Fig. 1c) causing
a counter-flow arrangement with the secondary fluid
(water). The characteristics of gas cooler are described
in Table 1, where the material of each component is
specified along with dimensions.

a) Top view of the gas cooler

b) Inlet section of the c¢) Inlet section of the
refrigerant secondary fluid and profile

view of the inner tubes
Fig. 1. Experimental gas cooler.

Table 1. Characteristics of the gas cooler.

Item Material Parameter Magnitude

Inner tube  Stainless steel Inner diameter (mm) 3.75
Outer diameter (mm) 5.0
Number of tubes 19
Annulus  Stainless steel Inner diameter(mm) 30.0
Outer diameter (mm) 33.7

Radius of the bend (mm) 112.0

Length (mm) 2000.0
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3 Mathematical modeling

This section presents the mathematical formulation
based on the mass, momentum, and energy
conservation equations for both fluids circulating in
the gas cooler. Each stream is discretized by the fully
implicit finite volume method (FVM). The choice
of this method is justified by the precision in the
resulting solutions which are unconditionally stable
in time and space over any group of control volumes
and, of course, over the whole calculation domain
(Patankar, 1980). This method is completed by the
first order upwind differencing scheme for calculating
fluxes through cell faces, because it enables the
coeflicients of the discretized equations being always
positive, and therefore makes the solution physically
realistic (Cariaga et al., 2013). In order to reduce the
complexity in the analysis, some considerations are
made as follows:

e Refrigerant and secondary fluid flows are
modeled as a one-dimensional fluid flow.

e Axial heat conduction, viscous stress in fluid
and heat radiation are negligible.

e The gas cooler is considered isolated. So all the
heat removed from the refrigerant is transferred
to the water.

e The cross sections of all inner tubes are constant

3.1 Refrigerant flow in the bare inner tube

The transient model of the refrigerant flow inside tubes
is governed by the mass, momentum, and energy
conservation equations. The first two equations are
used to assess the velocity and pressure fields in the
axial direction, while the third and fourth equations
are used to evaluate the distribution of the enthalpy and
wall temperature of the inner tube.
Mass conservation:
0(pA), . 0(puA),
ot 0z
Momentum conservation:
Ard(pu), N (puA),0u, _ _A0P, Cep @)
ot 0z 0z o
Energy conservation of refrigerant:
0(pAh—AP), . O(mh),
ot 0z
Wall energy conservation

=0 N

=pia;(T,—Ty) (3)

Ty
,OACPtia—tn = pia; (T, —Ty) + poa, (Tsf - Tn‘) “4)

The discretization of these equations is performed
by considering that each inner tube is divided into
several control volumes as shown in Fig. 2a where P
is the node of interest, W and E represent neighbor
nodes to the west and east; w and e are the west
and east faces of the control volume with uw and u,
being their corresponding velocity. Furthermore, the
boundary nodes are represented by A at the inlet and
B at the outlet. This representation is designed for the
discretization of the conservation equations of mass
and energy, while the momentum equation which has
the velocity as the main variable is discretized on the
staggered control volumes as represented in Fig. 2b,
where PS, WS and ES are the staggered nodes with
u,s, ups and u,s their corresponding velocities. In
addition, w® and €5 are the west and east faces of the
staggered control volume.

However, algebraic equations resulting from the
discretization are presented in Eqs. (5-8). The first
two algebraic equation systems (Eqs. 5-6) are used
to determine the pressure and velocity fields by using
the SIMPLE method (Patankar, 1980), while the two
latter (Eqs. 7-8) are used to determine the refrigerant
enthalpy and the wall temperature field. Thus, other
thermophysical properties are calculated according to
the pressure and enthalpy values in each node through
the REFPROP dynamic libraries linked to Matlab
(Lemmon et al., 2007). Details of this process are
given in the global algorithm of resolution. Parameters
by which the coefficients of each matrix are computed
are described in Tables 2, 3, 4 and 5.

aps u;s =dags M*E»V + aws MT}V“ + b*Py (5)

oty

(A A—

Az

b) Staggered control volumes
Fig. 2. Schematic representation of control volumes
of the gas cooler.
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Table 2. Coeflicients of the algebraic equation of momentum conservation for refrigerant side.

Node as ays aps bps
1 max(=m,_,,0)+ max(m:es ,0) 0 ma&x(m:"gY ,0) [ 00 Az (p _P )} A
* N rPEUPS Af r,p*
P pe Ar,P" A -T,p, Az
(QZn_ ) max(m;w} 0); max(m:ex ,O) max(m:’ws ,0) ma.)c(mj’gY ,O) |: pon qu iZ (P _p )} A,‘,pf
+p:,P“ A p At —7.pAz
- max(mi,uﬁ ’O)ZZmax(mj,e“' ’0) max(”/lj,w‘v ’0) ‘ |:p:,PS u;’s % * (PV; - P; ):IAI‘,P‘V
+p:,P“ Ar,PS At —-7.p,Az

Table 3. Coeflicients of the algebraic equation of pressure correction for refrigerant side.

Node ap ajy ag b$

1 ( 21 A,AZ] +(p*dAr)) 0 +(p*dAl‘)e (p*u*Ar)A_(p*u*Ar)e
c At P ¢ 1« 1 o
+(12“*Ar] J{zczu Ar l (CZA’A AZ]PPP
2c e
2,..., [ = AAZ) +(p7an,), +(p*dAr)w +(p*dAr)e (p*u*Ar)W—(p*u*Ar)e
4

P o
1 * 1 * 1 '

+| —u 4 + ANz | P

u A, j +(p dA ., +(2CZ U A’j [202 rl (czAt jp r

o
{5 “J
J

o [ A Az) + + (p*dAr )w 0 (p*u*Ar W
At ..
o) +loas >, [z * l,

u A
—(%M*Ar j
2c »

c p/ _ ,C / C / C
adpPp = ap Py +ay Py +bp (6)
h h h h
aPrhﬂP = aErh,’E + a‘}[;hr,w + bPr @)
Ty T T Ty
ap'Tiip = ag'Thig + ay Triw + by' (®)
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Table 4. The coefficients of the algebraic equation of energy conservation for refrigerant side.

Node al a ayr by
1 max|(-m,), 01+ max|(m,), 0]  © mast ) 0L [ p ) 22
" At

Az
+pp4; A7t + D¢ [I;P - T”P]Az
+ max[(mr )w’o]hA

2" " maxl(— mr )W,0J+ maxl(mr )e !OJ maxl(mr )W’OJ max{— (mr )g ’OJ o0g0 o Az
(zn—1) ‘p AAE [Pphp+(PP—PP)]Ai At
" + 0o [T:,P - TnP]AZ
zn maxl(— h )W,0J+ max[(m )e,OJ maxl(m,) ,,OJ 0 o N Az
’ " v hp +\Pp_Pp |4, —
LA [PP P+(P— P)]AlAt
PP + 00 [T:,P _Tt;,P]AZ

Table 5. The coeflicients of the algebraic equation of wall energy.

Node a,i” aVTI;i aggi bgzi
1 1 o 0 0
— P, pA.Cp.i p o e o e
At P piai[Tr,P_Tti,P]-I'poao [va,P_Tti,P]
.o
+——p:»A.Cp,;
At ptt,P r P P
2,..., 1 . e o 0 0
(Z” _1) At Pui.ply &P it [Tr,P _Tti,P]+ Do, [Ta_'f’,P _Tti,P]
T :
+—= i pA.Cp,,
At plI,P r P P
zn | e o 0 0
— o’ Dii . . . .
At Pu.p byt P i [Tr,P_Tti,P]+ D%, [nf,P_J;i,P]
T :
+—= i pA.Cp,,
At ptx,P r Piip
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3.2 Secondary fluid flow in the annulus

The mathematical formulation of secondary fluid flow
in the annulus is similar to that presented for the
refrigerant flow but, the only difference is that in
this circuit, the pressure drops along the annular tube
due to momentum change and the viscous friction
are negligible. Therefore, the corresponding transient

model is only governed by the energy conservation
equation, which has the temperature of the secondary
fluid as the main variable.  The corresponding
discretized model is presented in the following matrix
system (Eq. 9), and the coefficients are described in
Table 6.

T Ty Ty Ty
ap’Tspp=ag  Topp+ay Topy +bp” (9)
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Table 6. Coeflicients of the discretized equation of energy for secondary fluid.

Node ag:/ a;;:f a?f b?f
1 maxl(— thy Cp s ) y ,OJ 0 max|- (mv- Cpy )e 0] b Az

+ (mjf Cps/‘ )g .0

+(/Jsfcpsf )PAU %

2,..., maxl(—méf Cpsf )W’OJ

(zn—l) + (mstPsf )e,o

+ (p,rf' Cpsf )P 4, %

zn max l(— g Cp s )w ,OJ

+ (psf Cpsf )P 4, %

maxl(mé.fcp sf )W’OJ max[(— iy Cpsy )e’OJ

maxl(msf- Cpgr )W,OJ

.20y pTy p (Psf,P—Px;',P )]Ao Ar

+p,, [TnP - TsfP]AZ
+ max[(mprSf ) ., ,O]Tjﬁ 4

LJ?ﬂPCP;f,PTx},P + (ﬂff—ﬂof,p )]Ao %

+p,, [7;;,P - K/P]AZ

o5 1oy o+ By o 2 )l

+p,, [Tt:,P - Ts;',P]AZ

Az
At

3.3 Boundary conditions

For the momentum equation, the inlet pressure
is considered as boundary conditions, while for
the energy equation, enthalpy from the compressor
outlet is considered as inlet boundary conditions.
In this study, no boundary condition at the exit
of the gas cooler has been taken into account
in order to let the model predicts the values of
parameters at the gas cooler outlet. Data relating
to boundary conditions were taken from the study
realized by Pérez et al. (2013). Furthermore, in
the annulus, the boundary conditions include the inlet
water temperature, pressure and mass flow rate that
correspond to the output operating conditions of the
experimental heat dissipation system. For the inner
tube, adiabatic boundary conditions are imposed at the
lateral boundaries.

3.4 Heat transfer coefficient analysis

The behavior of the hairpin heat exchanger has
attracted the attention of many researchers, due to
the influence that has the radius of curvature on
the heat transfer coefficient (Wojtkowiak and Popiel,
2000; Chen et al., 2004; Adam-Medina et al., 2013).
The results of investigations performed on this heat
exchanger have demonstrated that the friction factor
is more influenced by the radius of curvature of the
tube. However, new correlations have been developed
by incorporating the radius of curvature as one of the
parameters for calculating the friction factor (Chen

et al., 2004). Unfortunately, these correlations were
developed for refrigerants operating in subcritical
conditions. Therefore, the lack of an appropriate
correlation for the calculation of the friction factor
in hairpin or return bend gas coolers has led some
researchers to use correlations developed for straight
in-tube gas coolers (Sdnchez et al., 2012; Park and
Hrnjak, 2007). Thus, in this study we use correlations
developed for the straight in-tube gas coolers.

3.4.1 Inner heat transfer coefficient

Analysis of the heat transfer coefficient of R744 inside
of inner tubes is calculated by using the Gnielinski
(1976) correlation (Eq. 10) which was found by
Rieberer (1999) to be the best for single-phase R744
at supercritical conditions.  This correlation has
presented interesting results in the study realized by
Sanchez et al., (2012), with less than 10 % error in
comparison with the correlation Pitla et al., (2002).

(£)Re; - 1000) Pr;
Nu; = (10)

1+ 12.7(%)% (Pr,% - 1)

0.5 < Pr; < 2000;2300 < Re; < 5 x 10°

_ Nu,-kr

a (1)

@

The friction factor is calculated from Churchill (1977)
correlation which extends over all flow regimes and all
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relative roughness (0):

16
1 (37530)16
+

()" +0.275 Re;

g \2
R_) +]2.4571n

€i

12)

3.4.2 Outer heat transfer coefficient

The outer heat transfer coefficient is obtained from
the correlation developed by Petukhov et al., (1963)
for water flowing in the secondary circuit (Eq.13),
wherein geometric parameters such as tube length (L;),
inside diameter of annulus (D;), hydraulic (Dj) and
equivalent (D,,) diameters are taken into account.

Jo\Re. . Pr -0.16
D D,
LR PN P )
1+12.7(%)2(Pr0%_1) ' i
(13)
Re; > 10*
where £, = (1.8log;o (Re,) — 1.5) 7
Nuyk,,
= ow 14
o D, (14
3.5 Global algorithm of resolution
Fig. 3 shows the algorithm for simulating

mathematical models of gas cooler. This methodology
is subdivided into four steps: definition of input
data, assessment of the pressure and velocity fields,
resolution of the discretized energy equation, and
the evaluation of R744 and water thermophysical
properties. In the first step, geometrical parameters
of the gas cooler, initial and boundary conditions
are set. Once the data is provided to the program,
the process passes to the second step which involves
the calculation of the pressure and velocity fields
of the refrigerant.  After this step, pressure and
velocity fields of both fluids are used to compute the
dependent variables (enthalpy of R744, wall and water
temperature). This computation is performed at each
node and in several iterations until the convergence
criteria is met. If the solution does not converge,
then the process is reinitiated while adjusting the
guessed pressure and velocity. But, if the convergence
criteria are complied, one passes to the last step
which is dedicated to the evaluation of thermophysical
properties of R744, such as: specific heat, density,
dynamic viscosity, thermal conductivity, as well as

220

N"—

START

Y

Input data
(Geometry, guessed values, initial and
boundary conditions, convergence criteria)

]
|

Pressure and velocity field data for ‘ Solve refrigerant pressure ‘

and velocity field from

secondary fluid SIMPLE method
o
53
o g
22
£3
&
33
e
&)
By Usrigy | B Uiy

Solve discretized energy equation
for refrigerant flow, wall and
secondary fluid

Sf(l J) hr(l i) 11(1 j)

Calculate R744 thermophysical properties
through REFPROP linked to Matlab

Fig. 3. Global algorithm of resolution.

Prandtl and Nusselt numbers and the heat transfer
coeflicient of R744. Thus, the process stops.

4 Results and discussion

This section presents the simulation results of the
gas cooler dynamic model described previously. The
simulation was performed by considering the average
mass flux of R744 and water about 142.86 kgm™2s™!
and 898.74 kgm™2s~!, respectively. Results are
presented graphically in space and time.  With
respect to space, twenty points of observation (namely
twenty finite volumes with Az = 0.1 m) are provided.
These correspond to twenty points of temperature
measurement planned in the experimental setup which
is still in construction. While over time, a maximum
of 240 seconds with Ar = 0.5s is provided which was
supposed to be sufficient for observing the transient
behavior of properties at startup.
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Fig. 4. Distribution of pressure and velocity in the gas cooler.

Given the difficulty in reporting the results of all
iterations, nine samples were selected in an interval
of thirty seconds of observation. For a better
understanding of transient phenomena that occur in
each property, the results are graphically presented
in three different forms. In the first type of graph,
results of variations in each property depending on
the position throughout the gas cooler during the first
240 seconds of gas cooling process are shown. This
representation allows visualizing both transient and
steady state of the property. In the second one,
behavior of the property in each node of the finite
volume (i.e. every 0.1 m of the gas cooler length) is
shown, in order to identify the area that is affected the
most by the transient effects. Finally, the third type
of graph presents the effect of the R744 temperature
on each property, this graph allows us to understand
how each property behaves in the critical region. As
mentioned in the previous section, before proceeding
to the computation of thermophysical properties, an
analysis of pressure, temperature and velocity fields
is performed in order to know how these parameters
are distributed along the gas cooler. Results of this
analysis are shown in Fig. 4 where it can be observed
the transient behaviors that occur in these parameters
during startup of gas cooling process. Fig. 4a shows
the pressure distribution in the gas cooler during the
first 240 seconds of operation, where it can observed
that there is no a significant change in pressure during
the transitional period, but, the process is characterized
by a decrease in pressure along the gas cooler which
is estimated at 211 kPa between the inlet and outlet of
the gas cooler. This pressure drop causes an increase in
velocity (from 0.1 to 0.2 m s~!) along the gas cooler as
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Fig. 5. Temperature distribution in the gas cooler.

seen in Fig. 4b. The average pressure of R744, (P;4y)
in the gas cooler is about 8711 kPa.

Temperature distribution of the refrigerant during
the gas cooling process is shown in Fig. 5 where an
important change is occurred in the 150 s before the
temperature is stabilized. Instability in the first thirty
seconds is much greater than in the rest of the startup
period. In addition, the temperature undergoes a sharp
drop between the inlet and 0.6 m in length. This
change can have a significant influence on the behavior
of thermophysical properties of the refrigerant as it
operates in a supercritical area.

Transient behavior of the R744 thermophysical
properties during the gas cooling process are shown
in Fig. 6 where it can be observed the important
change that occurs in each property during the first
150 seconds of the process. During this transient
period, the profile of each sample undergoes a change
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in position along the gas cooler which leads to an
increase in magnitude of each property. This transient
effect is more pronounced in the specific heat which
behaves differently in comparison with the other
properties. The specific heat is characterized by an
instantaneous change in the profile with a peak value
that is 5 times higher than the ideal value (see Fig.
6a). By observing the profiles shown in Fig. 6b,
it becomes clear that the transitional phenomenon of
specific heat is more accentuated in the middle area of
the gas cooler. Region in which the refrigerant flow
undergoes a curvature of 180°. Therefore, the sudden
and instantaneous change in the specific heat can have
significant impacts on the performance of gas cooler,
since this property is involved in the calculation of the
heat transfer coefficient.

On the other hand, density, dynamic viscosity and
thermal conductivity do not have significant transient
phenomena during the process.  Each property
experienced a slight increase in magnitude along
the gas cooler as shown in figs. 6c, 6e and 6g.
Although transient effects in these properties are not
very significant, they have anyway a fluctuation in the
area near the exit of the gas cooler (see figs. 6d, 6f and
6h).

One of the important aspects of the analysis of
thermophysical properties of R744 is to know how
each property behaves in supercritical area. Fig.
7 presents the variation of each property depending
on the local temperature of R744 while the mass
flow and pressure are constant. It is evident from
this analysis that, during the gas cooling process
the thermophysical properties of R744 are closely
related to its temperature. This interdependence is
observed through the tendencies of sample profiles
which are similar during the process. Fig. 7a shows
a similar tendency to the presented in Fig. 6a,
wherein the profile of the specific heat is characterized
by a maximum value (about 7 times the nominal
value) which occurs at 315 K. This temperature
otherwise called “pseudo-critical temperature” has
been subject of several studies in the literature (Hoo-
Kyu and Chang-Hyo, 2010; Dang and Hihara, 2010),
in which it has been demonstrated that, near the
pseudo-critical temperature thermophysical properties
of R744 undergo significant changes. Thus, by
comparing the results shown in figs. 5a, 6a and
7a, it becomes clear that the pseudo-critical region
undergoes a change in position along the gas cooler
during the transient period. On the other hand, density,
dynamic viscosity and conductivity present a different

behavior compared to the specific heat in the pseudo-
critical area. Their profiles near the pseudo-critical
temperature are characterized by a sharp decrease as
shown in figs. 7b, 7c and 7d. However, all R744
thermophysical properties are less sensitive to the
change in temperature after the pseudo-critical area.

Fig. 8 shows the transient behavior of Prandtl
and Nusselt numbers during the gas cooling process.
As can well be observed, tendencies of both numbers
are almost identical to the profiles of the specific
heat (see Fig. 7a and 7b). Thereby, although
properties such as density, dynamic viscosity and
thermal conductivity involved in the computation of
Prandtl and Nusselt numbers, their influences are
insignificant in comparison with the specific heat.

Variation in Prandtl and Nusselt numbers
depending on the local temperature of R744 is shown
in Fig. 9. The great impact of the specific heat
on the Prandtl number is further shown in Fig. 9a,
from which it can be seen that the profile is identical
to the presented in Fig. 7a. At the pseudo critical
temperature, the Prandtl number undergoes sustained
growth, which extends to 7 times its nominal value
(see Fig. 9a), similarly to the specific heat. The
Nusselt number shows a similar trend (see Fig. 9b),
but its behavior in the pseudo-critical area is not
exactly the same as the specific heat, since it not only
depends on the Prandtl number, but also depends on
the type of correlation used.

Transient behavior of the local heat transfer
coeflicient during gas cooling process is shown in Fig.
10. These results are based on the operating conditions
such as pressure and mass flux described in Fig. 4 and
the Gnielinski (1976) correlation. As can be seen from
Fig. 10a, the local heat transfer coefficient of R744 has
a significant transient behavior during the gas cooling
process. Each profile is characterized by an increase
from the input of the gas cooler which grows until
reaching a peak value (about 8 times the inlet value)
and then decreases in the rest of the process up to the
outlet.

Profiles at transient state are characterized by a
sharp decline after the maximum magnitude after
the peak value in comparison with the profile
at steady-state which experienced a large area of
constant magnitude after the maximum value. The
middle region of gas cooler is characterized by great
instability during the transitional period as shown in
Fig. 10b). Similar behavior is observed in the specific
heat (see Fig. 6b).
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coefficient in the supercritical region.

The behavior of the heat transfer coefficient in
the supercritical region is shown in Fig. 11. It
becomes clear that the peak value that characterizes
each profile during the transitional period (see Fig.
10a) corresponds to the pseudo-critical temperature.
Therefore, the conclusion reached in the analysis
of the specific heat is also valid for the heat
transfer coefficient. The analysis from which it is
demonstrated that the pseudo-critical area is not at
the same location during the transitional period. But
undergoes a displacement in the opposite direction to
the refrigerant flow until stabilizing at the middle of
the gas cooler.

Conclusions

This paper presents comprehensive behavior of R744
thermophysical properties during the startup of gas
cooling process in the supercritical region. The
study was performed on a horizontal hairpin gas
cooler. The model was developed in the Matlab and
thermophysical properties were evaluated through the
REFPROP dynamic libraries linked to Matlab. The
main conclusions are summarized as follows:

e The thermophysical properties of R744 manifest
a significant transient behavior during the gas
cooling process. This behavior is characterized
by large variations in properties along the gas
cooler. The area of the curvature of gas cooler
is the most affected by transient phenomena.

e The specific heat of R744 is the property
most affected by the transient phenomenon in
the gas cooler. Its behavior is characterized
by an instantaneous change in the amplitude
distinguished by a peak value that occurs in
the region where the temperature of R744 is
pseudo-critical.

e The pseudo-critical area is not at the same
location during the transitional period. But
undergoes a displacement in the opposite
direction to the refrigerant flow until stabilizing
at the middle of the gas cooler.

e Local heat transfer coefficient of R744 in the gas
cooler as well as Prandtl and Nusselt numbers
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behave the same as the specific heat during the
transitional period.

e The peak of the local heat transfer coefficient
is evaluated at 8 times the ideal value and
instantly moves along the gas cooler during the
transitional period.

Nomenclature

area [m?]
speed of sound [m s
specific heat [kJ kg™! K™
tube diameter [mm]
specific enthalpy [kJ kg™!]
mass flux [kg m™2 s7!]
thermal conductivity [W m K1
mass flow [kg s~
total number of nodes
pressure [kPa]
perimeter of inner tubes [m]
temperature [K]
time [s]
velocity [m s71]
axial direction [m]
Greek symbols
@  convective heat transfer coefficient [W m™2
K
p  density [kg m™3]
u dynamic viscosity [Pa s]
T, shear stress [N m™2]
A increment
Subscripts
i inner, cell index
j cell index
o outer
;
t

NN ~ 3 §.»QF&@Q>

refrigerant
tube
ti  inner tube
sf secondary fluid
w water

o

previous
Superscripts *  guessed
s  staggered
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