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Abstract

In view of violent changes of thermo-physical properties, the segmental design method
is adopted to explore the heat exchange performances of the transcritical nitrogen (T-N>)
evaporator used for liquid air energy storage, in which cold N, is heated up successively by
hot propane and methanol in two wide temperature sections. The local heat capacity rate ratio
between cold and hot fluids has crucial effects on the local heat exchange performance of
evaporator, such as local effectiveness, local entransy dissipation, and local required heat
conductance or local heat transfer rate. They have extremums near the positions where the
local heat capacity rate ratio equals one, but their optimal values need to be determined by
combining the changing trend of the local heat capacity rate ratio. The total heat exchange
performance of evaporator is evaluated using total entransy dissipation and total exergy
efficiency. When the heat load is fixed, the total performance is improved with the decrease
in the mass flow rate of methanol, but at the expense of the required total heat conductance;
The total performance can be optimized by precisely tailoring the heat load ratios between the
two temperature sections. When the heat conductance is given, the optimum total
performance can be obtained by adjusting the mass flow rate of hot fluids at a fixed heat
conductance ratio; Increasing the heat conductance ratio of the low temperature section can
further elevate the optimum total performance whereas the affordable heat load or the outlet
temperature of N is notably decreased. Increasing N, pressure elevates the total performance
of evaporator but diminishes the extractable cold amount from the liquid N; in the same
temperature rise. This work is beneficial for selection of key parameters to achieve optimal

operation of the T-N; evaporator.

Keywords: Heat exchanger; Supercritical nitrogen; Entransy dissipation; Exergy efficiency;

Energy storage.



Nomenclature

Roman letters

Cp

Dre
Eqis
EX
h
HA

specific heat (J-kg™-K™)

relative difference

entransy dissipation (W-K)

flow exergy (W)

specific enthalpy (J-kg™)

heat conductance (W-K™)

mass flow rate (kg-s™)

heat capacity flow rate (W-K™)
number of sub-heat exchangers

in the low temperature section
number of all sub-heat exchangers
number of heat transfer units
pressure (Pa)

local heat transfer rate (W)

total heat load (W)

the ratio between the smaller and
bigger heat capacity flow rates
the ratio of heat capacity rate of hot
fluid to that of cold fluid

specific entropy (J-kg™-K™)

temperature (K)

Greek letters

€ effectiveness

Mgy  cxergy efficiency

T the ratio of heat load in the low
temperature section to that in
the whole evaporator

1 the ratio of heat conductance in the
low temperature section to that in
the whole evaporator

Subscripts

0 environmental conditions
cold fluid

h hot fluid

hl hot fluid in the low temperature
section

hh hot fluid in the high temperature
section

i inlet

j local position

m mean value

0 outlet
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1. Introduction

Liquid air energy storage (LAES) as a promising solution for grid scale energy storage
has attracted much attention in recent years [1-5]. The LAES uses liquid air/nitrogen (N;) as
both storage medium and working fluid for charging and discharging processes of electrical
energy. During the charging process, excess or cheapest electricity drives air liquefaction and
separation plants to produce liquid N, stored in cryogenic tanks at the nearly atmospheric
pressure. During the discharging process, the liquid Ny is first pressurized by a cryogenic
pump and then heated up to expand in turbines to generate electricity. Cold thermal energy
released in preheating of liquid N, during the discharging process can be captured to lessen
refrigeration load of air liquefaction during the charging process. In view of time mismatch of
the charging and discharging processes, the captured cold thermal energy required to be
stored. Such a design of cold recycle based on cold storage in LAES significantly improves
the overall system efficiency [2]. Conventionally, cold storage is implemented using packed
beds of pebbles or rocks operating at nearly atmospheric pressure [6-8]. Operating experience
of a 350 kW/2.5 MWh pilot plant located at the University of Birmingham manifested that
the temporary cold storage using packed beds results in round trip efficiency improvement of
LAES by ~50%. However, the dynamic effects in packed beds caused by thermal front
propagation can lead to an undesired increase by 25% in the energy consumption of air
liquefaction [9]. Therefore, it is required to design a novel high-efficiency cold storage unit.

Similar to sensible heat storage using liquids as medium, Li et al. [10] proposed a cold
storage unit based on combination of two thermal fluids, which were used as both heat
transfer fluids and cold storage mediums. Both She et al. [11] and Pen et al. [12] also adopted
the same cold storage unit in their proposed novel LAES system. The reason for adopting two
thermal fluids is that no single fluid can work totally in the form of its liquid state in the wide
working temperature range of the liquid N, preheating process. The two fluids are propane
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and methanol selected owing to their suitable working temperate ranges and comparatively
large heat capacity [10]. A two-tank configuration was designed for each of the two fluids to
recover and store cold energy, which can realize quasi-steady heat transfer in heat exchangers
to overcome dynamic effects in packed beds [13]. The proposed unit can notably simplify the
LAES system involving cold storage and offer more straightforward and flexible operating
strategy with respect to the conventional packed beds [10]. The calculations indicated that the
selected thermal fluids exhibit higher volume-based energy storage density than pebbles or
concrete [10, 14]. This implies that a more compact system can be obtained by using the
selected fluids as cold storage mediums.

The discharging pressure, namely the inlet pressure of the first stage turbine, is one of
major operating parameters influencing the performance of LAES system. With the increase
in the discharging pressure, the resulting specific expansion work increases while the
recyclable cold amount diminishes [9]. In order to increase the output power of turbines, the
liquid N3 is generally pressurized above the critical pressure of N, before the inlet of first
stage turbine [9, 13]. Thus N, will undergo phase transition from the liquid state to the
supercritical state in the liquid N, preheating process. For convenience, this phase transition
is also called evaporation similar to liquid-gas phase transition, and the corresponding heat
exchanger is named transcritical N, (T-N,) evaporator in the present paper. The performance
of the evaporator determines the amount of recovered cold and the inlet temperature of
turbines in a LAES system, and thus has crucial influences on the operation efficiency and
stability of the system [9]. However, the thermodynamic properties of N, change dramatically
around the pseudo-critical temperature, which makes the heat transfer in the evaporator rather
complicated and the design of the evaporator very challenging.

Some studies have been devoted to the heat transfer characteristics of supercritical N
[15-19]. Dimitrov et al. [15] conducted experiments on forced convective heat transfer of
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supercritical nitrogen at a pressure of 4 MPa in a vertical tube. The results indicated that the
heat transfer can be enhanced when the difference between wall and bulk temperatures spans
the drastic variation region of the thermo-physical properties of N,. Zhang et al. [17] carried
out experimental and numerical studies on flow and heat transfer of supercritical N2 in a
vertical mini-tube. They reported that there is considerable discrepancy in Nusselt numbers
between the experimental results and the predictions by the existing correlations. Ciprian et
al. [19] numerically examined the heat transfer coefficient of supercritical N in the large
specific heat region flowing upward in a vertical tube under different operating pressures.
They found that the increase of heat flux could cause heat transfer deterioration. The above
studies almost focus on the heat transfer behaviours of supercritical N, under fixed heat flux
conditions. Actually, the heat transfer in the evaporator is coupled between the N, and the
transfer fluids, and hence the heat transfer condition of N, is changing along the flow
direction of N,. Therefore, deep understanding of coupled the heat transfer behaviours
between N, and two heat transfer fluids in the evaporator is crucial to the optimization design
of evaporator for improving performances of the LAES system.

From the above, although such a T-N; evaporator including the combination of propane
and methanol as heat transfer fluids has been adopted by several researches [10-12], studies
available in the literature have not addressed the following key aspects: (1) the local and
overall heat exchange performances of the evaporator coupled with three fluids in the case of
drastic change of the thermo-physical properties of N2; (2) how to select the key operating
parameters, including mass flow rates of heat transfer fluids, inlet pressure of N,, and heat
load or conductance distribution ratio between the two heat transfer fluids. Therefore, this
paper adopts the segmental design method [20] to precisely capture the coupled heat transfer
behaviours in the T-N, evaporator, and employs the entransy dissipation theory [21] and
exergy analysis method [22] to evaluate the heat exchange performance of the evaporator.
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The local performances of the evaporator as well as its overall performances are explored in
detail from the respective viewpoints of design and check calculations. The effects of the key
operating parameters on the entransy dissipation, exergy efficiency, and required heat
conductance or affordable heat load of the evaporator are examined for optimization of these
parameters. This study can provide significant references for optimization of T-N, evaporator

to achieve high-efficiency cold storage in the LAES system.

2. Theoretical approach
2.1. Segment design and main assumptions

The critical point of N, locates at (126.19 K, 3.4 MPa). Fig.1 shows variation of the
specific heat of N, with temperature above critical pressures. It is evident that the specific
heat exhibits severe change near pseudo-critical point, which is beneficial to extracting more
cold energy, but makes the heat exchanger design more difficult than fixed properties.
According to the respective working temperature ranges of the selected two heat transfer
fluids, the evaporator is artificially divided into a low temperature section for propane and a
high temperature section for methanol. The two hot fluids are used to successively heat up the
cold fluid N, [10-12]. Based on the segment design method as mentioned above, the
evaporator with counter-flow configuration is discretized into a sufficient number of serial
sub-heat exchangers (SHES) as depicted in Fig. 2 [20, 23], where T denotes the temperature;
q indicates the local heat transfer rate; subscripts ¢ and h denote the cold and hot fluids,
respectively; subscript j indicates the local position; subscripts hl and hh indicate the hot
fluids in the low and high temperature sections, respectively; subscripts i and o denote inlet
and outlet, respectively; N and M represent the numbers of SHEs in the whole evaporator and
the low temperature section, respectively. M can be calculated by M = tN for design

calculation or M = @N for check calculation, where t and ¢ represent the ratios of heat load
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and heat conductance in the low temperature section to those in the whole evaporator,

respectively. An equality of temperature exists at the junction of each two SHEs for the cold

and hot fluids, respectively.

R N W s~ 01O N

Specific heat (kJ/kg-K)

(=)

60

Liquid
I

Supercritical
1

100 140 180 220 260 300
Temperature (K)

Fig. 1. The specific heat of N2 dependent on temperature at pressures of 5 MPa, 7 MPa and 9 MPa.

Low temperature section

High temperature section

|
|
|
SHE,  SHE, SHE; SHE,, | SHEy., SHEy,
T i) Thno
T Thai Thi T, T, I T, T Thni
lie NNt T AN T Tre AN AN T/ N
l‘h P’Z lq} ,,,,,,,,, lQM I lqM-#l qu
Tei NN YN NTgzo Teig )N/NTgio Tems L A Teeno Tag AN oo
|

Fig. 2. The schematic diagram of SHEs for three types of fluids.

In order to formulate the heat exchange problem in a T-N, evaporator, the following

assumptions were made: (a) the specific heats of cold and hot fluids are considered to be

constant in each SHE as the evaporator is divided into enough number of SHEs; (b) the heat

transfer coefficient is considered to be invariable in each SHE as the number of SHEs is

enough; (c) there is no heat or cold loss from the evaporator to environment due to good

thermal insulation layers on the outer surfaces of evaporator; (d) the heat conduction along

axial direction in heat transfer surface of the evaporator is negligible since the thickness of

heat transfer surface of the evaporator is quite small compared to its axial length; (e) the

pressure drop of cold and hot fluids caused by flow friction is ignorable considering that the
8
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pressure drop by flow friction is very small compared to the inlet pressure and has tiny
influences on the thermo-physical properties of fluids; (f) for the sake of ensuring the
continuity of heat exchange and avoiding heat exchange between the two hot fluids, it is
assumed that the inlet temperature of the hot fluid in the low temperature section is equal to
the outlet temperature of the hot fluid in the high temperature section, i.e. Tp;; = Thp,. This
constraint condition can easily be achieved by reasonable design; (g) a safe temperature
difference of 5 K, with respect to the freezing point or boiling point of each hot fluid, is
specified to ensure that each hot fluid operates at the liquid state in the evaporator. The
proposed safe temperature difference of 5 K is enough for avoiding freezing or boiling of hot
fluids caused by occasional temperature fluctuation, and it is not too large to markedly
narrow the optional range of mass flow rates of hot fluids. As a result of the assumptions (a-
d), the effectiveness—number of heat transfer unit (¢ — NTU) method is applicable for each

SHE [23].

2.2. Basic equations based on segment design method

For the design calculation, the total heat load of evaporator denoted by Q. is fixed,
which can be determined by the given mass flow rate, inlet and outlet statuses of N, as
follows:

Qtor = mc(hc,o - hc,i)r 1)
where m is the mass flow rate of fluid and h is the specific enthalpy. The specific enthalpies
are totally dependent on the given temperatures and pressures at the inlet and outlet of N,.

It is prescribed that the total heat load is evenly divided among the SHEs, and thus the
local heat transfer rate of each SHE can be calculated by q; = Q,:/N. According to the

definition, the local effectiveness of each SHE can be written as [24]
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. q;/min(m.cyj e, Mpcpin)
] (Thji = Teji)

, )

where c,, is the specific heat of fluids. mc,as an important variable is referred to as heat
capacity flow rate of fluids, which can be obtained for the cold and hot fluids in each SHE as

follows [23]:

Mm.Cpio =T
cpe ch,o - ch,i' (3)

Y
Thji = Thjo

(4)

mhcpj,h =

In view of the one-to-one correspondence between the temperature and specific
enthalpy at a fixed pressure, the unknown end temperature of each SHE can be obtained
through the energy balance in each SHE. The energy balance in each SHE can be expressed
as

Me(hejo = heji) = mp(Rnji — hejo) = 45 )

Based on the e — NTU method, the local number of heat transfer unit for each counter-

flow SHE can be written as [24]

In((1 - &)/(1 = Rese;))

NTU; = , 6
; o )
where R; is defined as

min(mccpj_c, mhcpj,h)

cj = . (7
max(mccpj,c, mhcpj,h)

For each SHE, the required local heat conductance can be expressed as [24]
HA; = NTU;min(mccp; e, MpCpjn). (8)

Summing the local heat conductance yields the required total heat conductance in the

evaporator:
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HA = Z;VHA,-. 9)

For the check calculation, the total heat conductance is fixed and each SHE has the
same local heat conductance. In this circumstance, the local number of heat transfer unit in

each SHE can be obtained by

HA;

min(mccpj,c, mpy ij.h).

The local effectiveness in each SHE can be expressed as

1 —exp (NTUj(RCj — 1))
1— Rejexp (NTU;(Re; — 1))

The affordable local heat load of each SHE can be calculated by
q; = gmin(mecyj e, Mucpin) (Thji — Teji)- (12)

The affordable total heat load of the evaporator can be obtained by summing the local
heat load. According to the e — NTU method, the unknown end temperatures of cold and hot
fluids in each SHE can be obtained by iteration based on the energy balance in Eg. (5).

The entransy dissipation introduced by Guo et al. [21, 25] can be used to reflect the
irreversibility of a heat transfer process. The entransy dissipation has been successfully
employed to evaluate or optimize heat transfer performance in some recent studies [26-29].
Based on the assumption (c), the local entransy dissipation in each SHE can be expressed as
[30-32]

. 1 1
Egisj = 5 (thpj,hTffj,i - mhcpj,hTi%j,o) + > (mccpj,cTczj,i - mccpj,cTczj,o)' (13)

The total entransy dissipation in the evaporator can be written as

N
Eqis = Z Egisj- (14)
1
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Exergy efficiency is another important indicator to the performance of heat exchanger,
which reveals the quality of the usable energy transfer [33-35]. Since the working
temperature of fluids in the evaporator is below the environmental temperature (assumed to
be 293 K), cold exergy is transferred from the cold fluid to the two hot fluids. The total
exergy efficiency of the evaporator is defined as

_ EXnio — EXnii + EXnno — EXpni
Tex EX.; — EX,, '

(15)

The term EX represents the flow exergy of each fluid at the respective inlet or outlet
in the evaporator, which can be calculated as follows [36, 37]:
EX =m[(h — hy) — To(s — s0)], (16)
where s is the specific entropy of fluid and the subscript 0 denotes the environmental
conditions.

By substituting Eqg. (16) into Eq. (15), the exergy efficiency can be expressed as

77E X

A7)

_ Mp[(haro = Piii) — To(Shro — Snii)] + Mun|(hano — hani) = To(Suno — Shni)]
mc[(hc,i - hc,o) - TO (Sc,i - Sc,o)]

)

which combined with the heat balance relation my;(hn; — hnio) + Mun(hani — Rrno) =

Q:or and Eq. (1) yields

Ty [mni(Snii = Shio) + M (Snni = Sano)] — Qeot

EX TOmc(Sc,o - Sc,i) - Qtot

(18)

2.3. Design parameters and calculation procedures

The initial given parameters for both design and check calculations are listed in Table 1.
The liquid air is generally stored in a tank at a temperature of about 80 K. When the liquid air
is pressurized by a cryogenic pump for flowing into the evaporator to release cold energy, its

temperature is generally increased to about 83 K [9, 10]. Thus, the inlet temperature of cold
12
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fluid is set to 83 K. The inlet pressure of cold fluid is set to 5 MPa, 7 MPa and 9 MPa to
explore its effects on heat exchange performance of the evaporator. The inlet pressures of hot
fluids are set to atmospheric pressure, i.e. 0.1 MPa. As mentioned in Section 2.1, propane and
methanol are selected as hot fluids to successively heat up the cold fluid N». The temperature-
dependent specific enthalpies and entropies of N, propane and methanol at prescribed
pressures were extracted from NIST standard database [38]. The temperature-dependent
specific enthalpies are also depicted in Fig. 3. Based on the assumption (e), it is confirmed
that these isobaric specific enthalpies can be used to support the calculations for the whole
evaporator at a specified inlet pressure. Fig. 3(a) shows that the specific enthalpy of N, at a
fixed pressure varies nonlinearly with the temperature. According to the freezing points and
boiling points of the hot fluids at the pressure of 0.1 MPa as shown in Fig. 3(b) combined
with the assumption (g), it can be deduced that the operating temperature of propane and
methanol should be maintained between 90.5 K and 225.7 K and between 180.6 K and 332.3
K, respectively. In light of the assumption (f), it can be further obtained that the inlet
temperature of propane or the outlet temperature of methanol should be maintained between

180.6 K and 225.7 K for reliable operation, as shown in Fig. 3(b).

Table 1 The initial given data for design and check calculation.

Parameters Values for design  Values for check
calculation calculation

Inlet pressure of cold fluid, P, (MPa) 57,9 57,9

Inlet temperature of cold fluid, T, ; (K) 83 83

Outlet temperature of hot fluid, T, , (K) 283 -

Heat conductance, HA (MW/K) - 4

Mass flow rate of cold fluid, m, (kg/s) 100 100

Inlet pressure of hot fluids, P, (MPa) 0.1 0.1

Inlet temperature of hot fluid at high 288 288

temperature section, Ty, ; (K)

Outlet temperature of hot fluid at low 93 93

temperature section, Ty; , (K)

Number of SHEs, N 80 80

13
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Fig. 3. The temperature-dependent specific enthalpies at specified pressures: (a) N2 at P.=5 MPa, P.=7
MPa, and P,=9 MPa; and (b) propane and methanol at P,=0.1 MPa.

Fig. 4(a) illustrates the calculation procedures for design calculation, which includes the
input and output parameters. The input parameters, my; and t, are not the initial design
parameters and thus not specified in Table 1. They are variable and need to be given and
adjusted to reveal their effects on heat exchange performance. The critical parameter my,; is
initially supposed to start the iterations. Subsequently, the local parameters are successively
calculated for each SHE starting from the outlet of cold fluid, except for the first SHE. The
my,; is then refreshed based on the first SHE using Eq. (5) for the next iteration until
satisfying convergence criterion. In the new iterations after the my; is refreshed, the
calculations of local parameters for the high temperature section can be skipped. After the
calculation convergence is achieved, some local or holistic parameters can be easily obtained,
including mass flow rate and inlet temperature of hot fluid in the low temperature section,
effectiveness, entransy dissipation and required heat conductance.

Fig. 4(b) depicts the calculation procedures for check calculation, which involves one
more iteration loop compared to the procedures for design calculation. Similarly, the input

parameters, my; and ¢, are variable and need to be given and adjusted to reveal their effects
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on heat exchange performance. In the iteration loop of inner layer, the supposed parameter g;
for each SHE is repeatedly refreshed until convergence. In the iteration loop of middle layer,
the calculation of local parameters for each SHE, except for the last SHE, starts from the inlet
of cold fluid, since the outlet temperature of cold fluid is unknown. In the iteration loop of
outer layer, the supposed parameter my,, is repeatedly refreshed based on the last SHE until
convergence. Similarly, in the new iterations after the my,, is refreshed, the calculations of
local parameters for the low temperature section can be skipped. After the calculation
convergence is achieved, some local or holistic parameters can be easily obtained, including
mass flow rate of hot fluid in the high temperature section, inlet temperature of hot fluid in
the low temperature section, effectiveness, entransy dissipation and affordable heat load.

For simulating the heat exchange characteristics of the T-N, evaporator, two sets of
programs were developed in the MATLAB software based on the above calculation

procedures for the design and check calculations, respectively.
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(a) (b)

Fig. 4 Calculation procedures for (a) design calculation (b) check calculation.

2.4. Segment independent study

The number of SHEs (N =80) as listed in Table 1 is determined by segment
independent test. Four different numbers of SHEs, 20, 40, 80 and 160, were used to obtain a
segment independent solution. For the segment independent test of design calculation, the
heat load ratio of low temperature section was set to 65% and the mass flow of methanol was

set to 60 kg/s. The predicted total entransy dissipation and total heat conductance for design
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calculation with the four segment settings are shown in Table 2. Similarly, for the segment
independent test of check calculation, the heat conductance ratio of low temperature section
was set to 65% and the mass flow of propane was set to 120 kg/s. The predicted total
entransy dissipation and mass flow of methanol for check calculation with the four segment
settings are shown in Table 2. The relative difference between values predicted with two
adjacent segment settings is denoted by D,.., which is also listed in Table 2. From the table, it
is obvious that all the relative differences of the selected four parameters are less than 0.05%
between the segment settings of N = 80 and N = 160. Therefore, the segment setting of
N =80 is selected for both design and check calculations to complete the numerical

predictions in the following section.

Table 2 Segment independent results for design and check calculations.

N Design calculation Check calculation

Edis(MW'K) Dre(%) HA(MW/K) Dre(%) Edis(MW'K) Dre(%) mhh(kgls) Dre(%)
20 384.53 - 4.2923 - 428.46 - 55.5819 -
40 385.64 0.29 4.2947 0.06 431.07 0.61 55.4567 0.23
80 385.92 0.07 4.2953 0.01 431.79 0.17 55.4218 0.06
160 385.98 0.02 4.2955 0.00 431.97 0.04 55.4119 0.02

3. Results and discussions

3.1. Design calculation

As listed in Table 1, the inlet and outlet temperatures of cold fluid as well as its mass
flow rate are fixed, and thus the total heat load and local heat transfer rate are fixed. The inlet
temperature of hot fluid at the high temperature section and outlet temperature of hot fluid at
the low temperature section are also fixed to determine the mass flow rate of propane, under
the selected mass flow rate of methanol and the selected heat load ratio of low temperature
section based on the assumption (f). The heat load ratio of low temperature section was set to

65% as an illustration. The quantitive relations of the mass flow rates of the two hot fluids
17
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under different pressures of cold fluid are shown in Fig. 5(a). The mass flow rate of propane
decreases with the increase in that of methanol. Since the corresponding relation is unique at
a specified pressure of cold fluid, only the mass flow rate of methanol my,;, is referred to in
the following for convenience. Fig. 5(b) illustrates the relations of temperature with the local
heat transfer rate accumulation under different mass flow rates of hot fluids. The temperature
shows twisty variation along the flow direction of cold fluid in spite of same local heat
transfer rate existing in each SHE, which is attributed to the varying specific heat of N,. With
the decrease in my,,, the pinch point in the low temperature section gradually moves from the
inlet of cold fluid to the interior for the whole evaporator and the temperature difference at
the pinch point also gradually decreases as indicated in Fig. 5(b). This implies that the
violently varying properties of fluids easily result in the temperature cross or violating the
pinch constrains, which makes the evaporator invalid. The calculation indicates that when
mp, < 55 kg/s the temperature cross will occur. Therefore, it is of vital importance to
carefully tailor the relevant parameters in the design of T-N, heat exchanger. In addition, Fig.
5 (b) indicates that the required inlet temperature of hot fluid in the low temperature section

descends with the decreases in mp,,.
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Fig. 5. The relations of (a) mass flow rates of the two hot fluids under different pressures of cold fluid
at T = 65%, and (b) temperature with local heat transfer rate accumulation in SHEs at P, =7 MPa and t

= 65%.

Fig. 6(a) shows the relations of local heat capacity flow rate with the local heat transfer
rate accumulation under different mass flow rates of hot fluids. Along the flow direction of
cold fluid, the heat capacity flow rate of cold fluid first increases and then decrease while the
heat capacity flow rates of hot fluids gradually increase in both the two sections. The
inflection point of changing trend for the heat capacity flow rate of cold fluid exists at the low
temperature section. The changing range of heat capacity flow rate of cold fluid is much
larger than those of hot fluids. The discrepancy of the heat capacity flow rates between hot
fluids in the two sections decreases with the increase in my,;,. The variation curves of the heat
capacity flow rates of cold and hot fluids intersect with each other at some locations, and the
number of intersection points reduces from 3 to 1 when my,;, increases from 58 kg/s to 78

kg/s. The local heat capacity rate ratio is defined as

_ MnCpjn

R .. =
cj,hc mccpj,c (19)
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Obviously, the local heat capacity rate ratio equals one at these intersection points as shown
in Fig. 6(a). The respective average heat capacity flow rates of cold and hot fluids in the two
temperature sections are summarized in Fig. 6(b) in the form of column. It can be found that
the average heat capacity flow rates of hot fluids in both the two sections are closer to those
of cold fluid as my,;, decreases. The more the number of intersection points is, the closer the
average heat capacity flow rates of the hot fluids are to that of cold fluid. The relationship
between the local heat capacity flow rates of hot and cold fluids is closely related to the local
performance, while the relationship between the average heat capacity flow rates is closely

related to the total performance.

3 500 Cold fluid 300 Cold fluid
= sk - Hot fluids, m,,, = 58 kg/s 2 o5k —  ----- Hot fluids, m,,, = 58 kg/s
X | === Hot fluids, m,,, = 68 kg/s ; i - —— Hot fluids, m,, = 68 kg/s
% 200 | _ Hot fluids, m,, =78 kais| 2 o5q | Py —— Hot fluids, m,, = 78 kg/s
e 5 Py s . :
2 350 S 225 LT
= 0 2 ol |
..Z‘ 300 B I q—? 200 I~ 1 :I :| -
3 SV S - -l High SO T
S os0b---"7 | temperature 21751 T rl
g \ section 8 i : |: " ' i I
E 200 _ “ § 150 j : |: :I I : :I |
— temperature == S B v T
§ 150 I section |- == ~ T 12 i v ! i |_|: » e
- 100 N TR RN RN SR R L N T

0 5 10 15 20 25 30 35 40 100

Low temperature High temperature
Zg; (MW) section section

(a) (b)
Fig. 6. (a) The variation of local heat capacity flow rate with local heat transfer rate accumulation in
SHEs and (b) average heat capacity flow rate for cold and hot fluids at P. = 7 MPa and T = 65%. The

intersection points are marked with dots and numbers.

The variations of local logarithmic mean temperature difference and local heat
conductance in the SHEs along the flow direction of cold fluid are elucidated in Fig. 7. The

local logarithmic mean temperature difference for each counter-flow SHE is defined as
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_ (Tjo — Teji) = (Thji — Tejo)
In((Thjo = Teji)/ (Tnji = Tejo))

Due to the fixed local heat transfer rate in each SHE, the local mean temperature difference

AT, (20)

shows varying trends opposite to local heat conductance as shown in Fig. 7. The local mean
temperature difference and local heat conductance non-monotonically along the flow
direction of cold fluid in both the two temperature sections in the cases of smaller m,;,. The
position of the minimum local mean temperature difference or the required maximum local
heat conductance in the low temperature section moves toward the flow direction of cold
fluid as my,;, decreases. With the decrease in my,, the local mean temperature difference in
each SHE generally decreases, and accordingly the local heat conductance required by each
SHE increases in both the two temperature sections, whilst the heat conductance required by
the whole low temperature section exhibits larger increment than that required by the whole

high temperature section.

— U I —— m,,, = 58 kg/s 300 ————— m,,, = 58 kg/s
X e m,,, = 68 kg/s 2 [ e = - m,, = 68 kg/s
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£ 5oL section ; IS section = R 3 temtperature | temperature
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S 2} 7 R 3 . . I f
o | Y 4 | N < e \ ol ‘.
5 “// ! M\ & 100, \'\ ) N "Il
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& s, . P ~) [&] 60 F N .o | 7/
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Fig. 7. The variations of (a) local logarithmic mean temperature difference and (b) local heat

conductance with heat transfer rate accumulation in SHEs at P, = 7 MPa and t = 65%.
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Fig. 8 depicts the local effectiveness and local entransy dissipation in SHEs along the
flow direction of cold fluid under different mass flow rates of hot fluids. According to the
variations of the two local parameters, it can be found that the fall of m;,;, generally improves
the performance of each SHE under the same other conditions. The performance gap between
different mass flow rates of hot fluids in the high temperature section decreases along the
flow direction of cold fluid, while that in the low temperature section presents the varying
trend similar to “N” shape as shown in Fig. 8(a). Comparing Figs. 8(b) and 7(a), we can find
that the local entransy dissipation has very similar changing trend with the local mean
temperature difference. This is because the irreversibility of heat transfer is primarily caused
by the temperature difference when heat leak and flow friction loss is negligible. By
comparing Fig. 8 with Fig. 6(a), the maximum local effectiveness and the minimum local
entransy dissipation appear around the positions of R.; . = 1, when the heat capacity flow
rates of cold and hot fluids have the same changing tendency along the flow direction of cold
fluids. On the contrary, if the two heat capacity flow rates have the opposite changing
tendencies, around the positions of R.; 5. = 1 exist the minimum local effectiveness and the
maximum local entransy dissipation. Therefore, the same changing tendency of the heat
capacity flow rates of two sides in the SHESs is beneficial for the improvement of local heat

exchange performance.
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Fig. 8. The variations of (a) local effectiveness and (b) local entransy dissipation with heat transfer
rate accumulation in SHEs at P, = 7 MPa and t = 65%. The locations of extremums are marked with

dots and numbers.

To evaluate the overall performance of T-N, evaporator, the variations of the total
entransy dissipation and exergy efficiency with my;, under different pressures of cold fluid
are demonstrated in Figs. 9(a) and 9(b), respectively. The total entransy dissipation decreases
as the pressure of cold fluid increases at the same mass flow rate and decreases with the
decrease in my,, at the same pressure, while the exergy efficiency shows totally opposite
change trends. In combination with Fig. 6(b), it can be inferred that making the average heat
capacity flow rate of hot fluids closer to that of cold fluid is beneficial to improving the heat
exchange performance of the evaporator. By comparing Figs. 9(a, b) and 5(b), it is obvious
that the smaller the temperature difference between hot and cold fluids at the junction of the
two temperature section, the better the heat exchange performance of the evaporator. The
calculation indicates that the extractable cold amount from the liquid N, with the same
temperature rise from 83 K to 283 K decreases with the increase in the pressure of N, which
is caused by the decrease of its specific enthalpy as shown in Fig. 3(a). Specially, the

extractable cold amount from unit mass of liquid N, decreases from 389.01 kJ/kg to 377.74
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427  kJ/kg when the pressure increases from 5 MPa to 9 MPa. The manufacture cost of heat
428  exchanger is mainly determined by the heat conductance. Fig. 9(c) shows the variations of
429  required total heat conductance with my,;, under different pressures of cold fluid. It is clear
430 that the total heat conductance shows the varying tendencies opposite to the total entransy
431  dissipation number. This indicates that the improvement of the whole performance of
432  evaporator is at the expense of requiring larger area or/and coefficient of heat transfer. In
433 addition, the effect of the pressure of cold fluid on the required total heat conductance

434  gradually diminishes with the increase in my,,.
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440  Fig. 9. The variations of (a) total entransy dissipation, (b) total exergy efficiency and (c) required total

441  heat conductance with mass flow rate of methanol under different pressures of cold fluid at T = 65%.
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In the above study, the heat load distribution ratio between the two temperature sections
is selectively fixed. However, it is very pivotal for the performance of the evaporator and thus
need to be elaborately considered in the design calculation. In order to compare heat
exchange features under different heat load distribution ratios, the temperature difference
between the hot and cold fluids at the junction of the two temperature section was kept 5 K. If
this constraint condition cannot be satisfied at some heat load distribution ratios due to the
assumption (g), the temperature of the hot fluids at the junction of the two-temperature
section were fixed at 180.6 K, which is the lowest reliable operating temperature at the
junction as mentioned in Section 2.3. Therefore, the minimum temperature difference
between hot and cold fluids at the junction of the two temperature sections is achieved under
the constraint of the assumption (g). The above conditions can be satisfied by adjusting the
mass flow rates of propane and methanol. Based on the known data in Table 1, the mass flow
rates of propane and methanol, the entransy dissipation and the exergy efficiency at different
heat load ratios of the low temperature section among the whole evaporator are illustrated in
Fig. 10. It can be found from Fig. 10(a) that the required mass flow rate of propane first
increases and then decreases with the increase in the heat load ratio of the low temperature
section, while that of methanol gradually decreases. Fig. 10(b) indicates that the minimum
entransy dissipation can be achieved by adjusting heat load ratio of the low temperature
section and it decreases with the increase in P.. The heat load ratios of the low temperature
section corresponding to the minimum values of entransy dissipation at P, =5 MPa, P. = 7
MPa and P, = 9 MPa are about 66%, 65% and 61%, respectively, which also correspond to
the respective maximum mass flow rate of propane as shown in Fig. 10(a). By comparing
Figs. 10(c) and 10 (b), it can be found that the exergy efficiency achieves the maximum as
the entransy dissipation achieves the minimum under various pressures of cold fluids. It
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467  manifests that the exergy efficiency and the entransy dissipation are congenerous in

468  performance evaluation of the evaporator when the heat load is fixed.
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474  Fig. 10. The effects of heat load ratio of low temperature section on (a) the required mass flow rates of
475  propane and methanol, (b) the entransy dissipation and (c) the exergy efficiency.
476

477  3.2. Check calculation

478 In this subsection, the total heat conductance of T-N, evaporator is given to analyze its
479  heat exchange performance and examine its affordable heat load. As listed in Table 1, the
480 total heat conductance is specified as 4x10° W/K. The heat conductance ratio of the low

481  temperature section is set to 65% as an illustration. Similar to Fig. 5(a), the mass flow rate of
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methanol is also determined by that of propane because of a temperature equality of two hot
fluids at the junction of the two temperature sections in the assumption (f). The relations of
the mass flow rates of the two hot fluids under different pressures of cold fluid are shown in
Fig. 11(a). The required mass flow rate of methanol increases with that of propane under the
given parameters of check calculation in Table 1. In order to ensure that the hot fluids stay
liquid and avoid the invalidation of evaporator, the valid ranges of the mass flow rate of
propane are different at different cold fluid pressures. For convenience of description, the
mass flow rate of propane my,; is used to indicate the variation of the mass flow rates of hot
fluids in the following. Figs. 11(b) and 11(c) depict the temperature profiles of cold and hot
fluids along the flow direction of cold fluid at different m;,;, respectively. The cold and hot
fluids exhibit similar temperature profiles at the same m,,;. The temperature rise of cold fluid
in the low temperature section diminishes with the increase in my,;, which requires lower inlet
temperature of propane; whereas the change is inverse in the high temperature section, which
requires larger mass flow rate of methanol. Therefore, the eventual outlet temperature of cold

fluid still increases with my,;.
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Fig. 11. (a) The relations of mass flow rates of the two hot fluids under different pressures of cold
fluid at ¢ = 65%, and the temperature variations of (b) cold and (c) hot fluids with local heat

conductance accumulation in SHEs at P, =7 MPa and ¢ = 65%.

Fig. 12 elucidates the variations of local heat capacity rate ratio and local heat transfer
rate in the SHEs along the flow direction of cold fluid. Obviously, the local heat capacity rate
ratio first decreases and then increases along the flow direction of cold fluid in the low
temperature section, while it increases all along in the high temperature section as shown in
Fig. 12(a). The local heat capacity rate ratio also shows non-monotonic variation with the
increase in my;. This is because the fluids work at markedly different temperature regions at
different my,; as shown in Fig. 11(b), which makes the fluids have notably different specific

heat as depicted in Fig. 1. As shown in Fig. 12(b), the gap of the local heat transfer rate
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among different SHEs at the same m,,; increases with the decrease in my; in the low
temperature section, while the situation is inverse in the high temperature section. The
maximum gap at my,; = 115 Kkg/s is up to eightfold. Fig. 12(b) also indicates that there exist
extremums of the local heat transfer rates in both the two sections, whose position and
number are corresponding to those of R.;,. =1 as shown in Fig 12(a). The changing
tendency of the local heat transfer rate exhibits reversals twice along the flow direction of
cold fluid at different positions of R.;,. = 1 in the low temperature section. Hence, the

variation of local heat transfer rate highly dependent on the heat capacity rate ratio.
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Fig. 12. The variations of (a) local heat capacity rate ratio and (b) local heat transfer rate with heat

conductance accumulation in SHEs at P.=7 MPa and ¢ = 65%.

The variations of the local effectiveness in the SHEs along the flow direction of cold
fluid are illustrated in Fig. 13(a). In the low temperature section, the local effectiveness along
the flow direction of cold fluid decreases before the first position of R.; 5. = 1 and sharply
increases after the second position of R.; ,. = 1, while it keeps nearly constant between the

two positions; the local effectiveness tends to be constant with the increase in m,,; before the

29



539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554
555

556
557

first position of R . = 1, whilst it basically decreases after the first position of R.; . = 1.
In the high temperature section, the local effectiveness decreases before R.;,. = 1 and
increases after R.; .. = 1; the local effectiveness has no explicit changing tendency with the
increase in my,;. Fig. 13(b) shows the variations of the local entransy dissipation with heat
conductance accumulation in the SHEs. Along the flow direction of cold fluid, the local
entransy dissipation shows changing trends basically similar to the local heat transfer as
shown in Fig. 12(b). The larger the local heat transfer rate, the stronger the irreversibility of
heat transfer. At smaller m,,;, the variation amplitude of local entransy dissipation in the low
temperature section is notably larger than that in the high temperature section. As my;
increases, the maximum local entransy dissipation decreases in the low temperature section,
while it increases in the high temperature section. This implies that the entransy dissipation
shift from the low temperature section to the high temperature section as my,; increases. The
positions of maximum local entransy dissipation in the two temperature sections both move

towards the junction of the two temperature sections with the increase in my,;.
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Fig. 13. The variations of (a) local effectiveness and (b) local entransy dissipation with heat

conductance accumulation in SHEs at P.=7 MPa and ¢ = 65%.
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Fig. 14 displays the variations of total entransy dissipation, total exergy efficiency and
affordable total heat load of the evaporator with my;. As shown in Figs. 14(a) and 14(b),
there exist the minimum total entransy dissipation and the maximum total exergy efficiency
at each given pressure of cold fluid and the corresponding m;,; decreases with the increase in
the pressure of cold fluid. However, the my; corresponding to the maximum exergy
efficiency is higher than that corresponding to the minimum entransy dissipation. Therefore,
the exergy efficiency and the entransy dissipation cannot be considered the same indicator to
the performance of the evaporator. As the pressure of cold fluid increases, the minimum
entransy dissipation decreases and the maximum exergy efficiency increases. This manifests
that a high cold fluid pressure is favourable for improving the heat exchange performance of
evaporator and the optimum heat exchange performance can be achieved by adjusting the
mass flow rates of the hot fluids. From Fig. 14(c), it can be seen that the affordable total heat
load increases as my,; increases in their respective valid ranges and decreases as the pressure
of cold fluid increases. This implies that increasing the cold fluid pressure will leads to the
diminution of the extractable cold amount from the liquid N through the T-N, evaporator

with a given total heat conductance.
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Fig. 14. The variations of (a) total entransy dissipation, (b) total exergy efficiency and (c) affordable

total heat load with mass flow rate of propane under different pressures of cold fluid at ¢ = 65%.

Similarly, the heat conductance distribution ratio between the two temperature sections
is critical for the performance of the evaporator, which thus needs to be detailedly explored in
the check calculation. The mass flow rates of the hot fluids were adjusted to obtain the
respective minimum entransy dissipation and maximum exergy efficiency at various heat
conductance distribution ratios for comparison. Fig. 15(a) depicts the variations of the
minimum entransy dissipation and the corresponding outlet temperature of N, with the heat
conductance ratio of the low temperature section. Among the various ratios, the minimum
entransy dissipation is the smallest at the ratio of about 77%, which slightly changes with the

pressure of N,. The outlet temperatures of N, at the various pressures very close to each other
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and decrease with the increase in the ratio. This means that heat exchange capacity
diminishes with the increase in the ratio when keeping the respective minimum entransy
dissipation. The outlet temperature of N, is about 274 K at the ratio of 77%. Provided that the
required outlet temperature is 283 K, the heat exchange capacity is insufficient when the ratio
IS set to 77%, although the entransy dissipation is the smallest under the circumstance.
Simultaneously considering the demands for the outlet temperature of 283 K and smaller
entransy dissipation, the heat conductance ratio of the low temperature section should be set
as about 67% for various pressures of N,. The required mass flow rates of propane and
methanol corresponding to the minimum entransy dissipation at different heat conductance
ratios of the low temperature section are illustrated in Fig. 15(b). It can be found that the
required mass flow rate of propane increases with the increase in the heat conductance ratio
of the low temperature section, while that of methanol gradually decreases. Fig. 15(c)
summarized the maximum exergy efficiency and the corresponding outlet temperature of N,
under various heat conductance ratios of the low temperature section. The maximum exergy
efficiency progressively increases with the ratio and keeps nearly constant when the ratio is
more than 80%, while the outlet temperatures of N, decrease with the increase in the ratio.
Simultaneously considering the demands for the outlet temperature of 283 K and larger
exergy efficiency, the heat conductance ratio of the low temperature section should be set as
about 69% for various pressures of N,. The required mass flow rates of propane and methanol
corresponding to the maximum exergy efficiency at various heat conductance ratios of the
low temperature section are illustrated in Fig. 15(d). In comparison with Fig. 15(b), it can be
seen that the required mass flow rates of propane and methanol to achieve the maximum
exergy efficiency are both larger than those to achieve the minimum entransy dissipation. The
above results indicate that the exergy efficiency and the entransy dissipation are not
congenerous in performance evaluation of the evaporator when the heat conductance is fixed,
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618  and therefore a compromise need to be made between the maximum exergy efficiency and

619  the minimum entransy dissipation.
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625  Fig. 15. The effects of heat conductance ratio of low temperature section: (a, b) minimum entransy
626  dissipation, corresponding outlet temperature of Ny and corresponding mass flow rates of propane
627  and methanol; (c, d) maximum exergy efficiency, corresponding outlet temperature of N and
628  corresponding mass flow rates of propane and methanol.

629

630

631 4. Conclusions

632 The heat exchange performance analysis of T-N, evaporator used for cold storage or

633  recovery in the LAES system is implemented in this paper. Due to violent variation of
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specific heat of N, in the evaporator, the segmental design method is applied. The evaporator
is divided into a low temperature section and a high temperature section according to two
types of hot fluids (propane and methanol) used to receive the cold energy from the cold fluid
N,.

When the total heat load is fixed, the local effectiveness and local heat conductance
exhibit change trends opposite to local entransy dissipation along the flow direction of Nj.
The local entransy dissipation achieves the minimum around the positions where the local
heat capacity rate ratio equals one when the heat capacity flow rates of cold and hot fluids
exhibit the same change trend along the flow direction of Ny, while it reaches the maximum
around the positions when the two heat capacity flow rates exhibit opposite change trends.
The total entransy dissipation decreases and the total exergy efficiency increases with the
decrease in the mass flow rate of methanol or the increase in the pressure of Ny, while the
required total heat conductance increases. The heat exchange performance of evaporator
improves at the cost of heat conductance. The total entransy dissipation reaches the minimum
and the total exergy efficiency achieves the maximum when about 66%, 65% and 61% of the
total heat load is undertaken by the low temperature section at the N, pressure of 5 MPa, 7
MPa and 9 MPa, respectively. The extractable cold amount from the liquid N, in the same
temperature rise decreases with the increase in the N pressure.

When the total heat conductance is given, the required mass flow rate of methanol
increases with that of propane. As the mass flow rate of propane increases, the required inlet
temperature of propane decreases and the outlet temperature of N, increases. The local heat
capacity rate ratio equals one at several positions along the flow direction of N, where the
change trends of local heat transfer rate, local effectiveness and local entransy dissipation are
inverted. The minimum total entransy dissipation and the maximum total exergy efficiency
can be achieved by adjusting the mass flow rate of propane, while their corresponding mass
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flow rates of propane are different. Increasing the pressure of N, is beneficial to lessening the
minimum entransy dissipation and increasing the maximum exergy efficiency. The affordable
heat load or cold amount from the liquid N, increases as the mass flow rate of propane
increases or the pressure of N decreases. The demands for the outlet temperature of 283 K
and low entransy dissipation can be simultaneously satisfied when about 67% of the total heat
conductance is distributed to the low temperature section for various pressures of Ny, while
about 69% of the total heat conductance should be distributed to the low temperature section
to achieve higher exergy efficiency.

The performance of T-N, evaporator cannot be intuitively predicted due to drastic
variation of thermo-physical properties of N in the transcritical heat exchange process with
wide working temperature range and multiple working pressure options. The operating
parameters of T-N, evaporator should be carefully tailored to avoid its invalidation and

elevate its overall performance.
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