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a b s t r a c t 

Supercritical CO 2 is used as a work fluid in both heat pump and power cycles. As a fluid at supercritical 

pressure is heated or cooled, it may undergo a smooth transition from a liquid-like state to a gas-like 

state or vice versa. This transition, during which the thermophysical properties vary sharply with tem- 

perature, can be referred to as pseudo- boiling or condensation. Using both analytical and numerical 

methods, it is shown that pseudoboiling theory helps to understand how the unique heat transfer char- 

acteristics of a supercritical fluid affect heat exchanger performance and design, in particular a gas chiller. 

Due to pseudo-condensation, classical approaches such as the ε − NT U and LMTD methods fail when rat- 

ing or designing a sCO 2 gas chiller. Using the heat of pseudo-condensation, the heat exchanger can be 

regarded to consist of a pre-cooler, condenser and a super-cooler. By further dividing the pre-cooler and 

super-cooler into two parts and subsequently applying the ε − NT U method per part yields very good 

results with respect to both the prediction of required size and entropy generation for various operating 

parameters. The influence of pseudo-condensation is reduced at higher pressures and is negligible when 

the structural energy required for the transition from liquid-like to a gas-like state is smaller than the re- 

quired thermal energy required. It is shown that the local effectiveness of the condenser part is reduced 

(more so than the other parts) when the heat capacity ratio R C is varied from unity to less than unity, 

leading to enhanced irreversibility due to pseudo-condensation. Furthermore, the enhanced and deterio- 

rated heat transfer regime (such as when a sCO 2 downward flow is cooled) lead to significantly different 

required heat exchanger sizes. Finally, through the use of Monte Carlo simulations, it shown that the un- 

certainty of a Nusselt correlation complicates designing heat exchangers in which pseudo-condensation 

occurs. The simulations show that heat exchangers should be 50% larger than the size that is predicted 

using a Nusselt correlation if the design performance is to be ensured. 

© 2021 The Author. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Since 1990, global warming has prompted the steady cessation 

f refrigerants with high global warming potential in refrigeration 

 heat pump cycles. Instead, supercritical carbon dioxide (sCO 2 ) re- 

rigeration cycles have been developed, because CO 2 has negligible 

mpact on the climate when compared to other refrigerants such 

s R134a or R22. In a conventional heat pump cycle, all processes 

i.e. compression, condensation, expansion and evaporation) occur 

t sub-critical pressure. In contrast, in a transcritical heat pump 

ycle, the condensation process is at supercritical pressure, as in- 

icated in Fig. 1 a. 

Global warming has also prompted the development of the 

upercritical and transcritical CO 2 Brayton cycle. In such a cycle, 
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he pressure of all processes (i.e. compression, heating, expansion, 

ooling) is above the critical pressure, see Fig. 1 b. The advan- 

ages of a sCO 2 cycle are high thermal efficiency, small equipment 

ize (due to high fluid density), low critical temperature which 

ay result in the avoidance of a pinch point, and a reduction 

n the required number of turbine stages due to the low pres- 

ure ratio, according to Liu et al. [34] . Supercritical Brayton cycles 

an be used with different thermal energy sources, such as coal 

ombustion (Mecheri and Moullec [39] ), geothermal energy (Ruiz- 

asanova et al. [49] ), waste heat (Marchionni et al. [37] ) solar en-

rgy (Iverson et al. [18] ), nuclear energy (Liu et al. [33] ) and, in the

uture, possibly even fusion energy (Halimi and Suh [13] ). Besides 

rayton cycles, supercritical CO 2 is also considered as work fluid in 

rganic Rankine cycles, see for instance Zhang et al. [65] . 

The major commonalities between the aforementioned applica- 

ions are the heating and cooling processes at supercritical pres- 

ure. However, the design of these processes is challenging as 
der the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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List of Symbols 

Greek Symbols 

β isotropic expansion coefficient in [1/K] 

�ε 95% effectiveness 95% confidence interval 

μ dynamic viscosity in [Pa.s] 

ν kinematic viscosity in [m 

2 /s] 

ρ density [kg/m 

3 ] 

υ specific volume in [m 

3 /kg] 

ε heat exchanger effectiveness 

Roman Symbols 

�h pb heat of pseudoboiling in [J/kg] 

�T c temperature difference on the cold side (
≡ T c,in − T c,out 

)
in [K] 

�T h temperature difference on the hot side (
≡ T h,in − T h,out 

)
in [K] 

˙ m mass flow rate [kg/s] 
˙ Q Heat load in [W] 
˙ S gen rate of entropy generation in [J/K.s] 

C average heat capacity rate ≡ ˙ m 

(
h 2 −h 1 
T 2 −T 1 

)
in [J/K.s] 

A cross-sectional area in [m 

2 ] 

C heat capacity rate, defined as ˙ m c p in [J/K.s] 

c p specific heat capacity at constant pressure in 

[J/kg.K] 

C min ( ≡ min { C h , C c } ) in [J/K.s] 

D or d diameter in [m] 

h specific enthalpy in [J/kg] 

HT C heat transfer coefficient in [W/m 

2 .K] 

k thermal conductivity in [W/m.K] 

L length in [m] 

P Perimeter in [m] 

p pressure in [Pa] 

s specific entropy [J/kg.K] 

T temperature in [K] 

U overall heat transfer coefficient in [W/m 

2 .K] 

x location in [m] 

Superscripts 

+ marks the lower limit of the pseudoboiling range 

- marks the upper limit of the pseudoboiling range 

IG ideal gas 

Subscripts 

b bulk 

c cold side of the heat exchanger 

cor correlation 

cr critical point 

exp experimental 

F C forced convection 

h hot side of the heat exchanger 

hy hydraulic 

i partition index 

in inlet 

inner inner diameter 

out outlet 

outer outer diameter 

pb pseudoboiling 

pc psuedo-critical 

re f reference 

tot total 

w wall 

GL gas-like 

LL liquid-like 
i

2 
Non-dimensional numbers 

B 1 ratio of structural energy to thermal energy re- 

quired 

(
≡ �h pb / (T + −T −) 

c p,LL 
− 1 

)
e error 

E q relative work of expansion 

(
≡ pdυ

dq 

)
Gr b Grashof number 

(
≡ gβqD h y 

4 

kν2 

)
N s 1 Non-dimensional entropy generation number (

≡ T c,in ̇ S gen / ˙ Q 

)
NT U Number of transfer units 

Nu b Nusselt number 

(
≡ HT C×D h 

λ

)
P r b Prandtl number 

(
≡ μc p 

λ

)
R c heat capacity rate ratio ( ≡ min { C h , C c } / max { C h , C c } ) 
Re b Reynolds number 

(
≡ GD h 

μb 

)

 result of a phenomenon that is known as pseudo- boiling or 

ondensation. Pseudo-boiling refers to a smooth transition from 

 liquid-like state to a gas like state (and vice versa for pseudo- 

ondensation). During this transition, the thermophysical proper- 

ies change considerably, giving rise to complex transport phe- 

omena. Density variations give rise to thermal acceleration and/or 

uoyancy effects which in turn can either suppress or intensify tur- 

ulence, see Jackson et al. [20] , Petukhov and Polyakov [45] , lead- 

ng to either enhanced or deteriorated heat transfer. The physics 

egarding the effect of thermophysical property variations on fluid 

ow and heat transfer is still an active field of research, see for in- 

tance Chu and Laurien [5] , He et al. [14 , 15 ], Jackson [19] , Peeters

t al. [42 , 43 ], Peeters and Rohde [44] , Ren et al. [47] . Consequently,

t is not surprising that Nusselt number correlations specifically 

ailored for supercritical fluids include the variability of the ther- 

ophysical properties in one form or another (Ehsan et al. [6] , Pi- 

ro et al. [46] , Yoo [62] ). Even so, predicting heat transfer to fluids

t supercritical pressure at relatively simple conditions has proven 

o be difficult as Nusselt number correlations are (much) less accu- 

ate than their relations that were developed for sub-critical con- 

itions. However, predicting the overall heat transfer coefficients 

uring pseudoboiling accurately is incredibly important, not only 

hen designing heat exchangers for refrigeration, Brayton or Rank- 

ne cycles, but also when optimizing novel cycles such as those 

roposed by Schöffer et al. [54] , Wang and He [59] . 

Knowing what the effect of pseudoboiling is on heat exchanger 

erformance is highly relevant to both Brayton and heat pump cy- 

les. Different studies by Kauf [24] , Liao et al. [32] , Sarkar et al.

53] , Song and Cao [57] , Sánchez et al. [58] , Zhang et al. [64] found

hat the highest coefficient of performance is found when the pres- 

ure approaches the critical pressure and when the gas cooler out- 

et temperature is close to or lower than the pseudo-critical tem- 

erature. In fact, the effectiveness of the gas chiller directly af- 

ects the coefficient of performance (COP) of the cycle; if the effec- 

iveness is reduced, the COP is dimished as well. Similarly, Saeed 

t al. [50] found that heat exchanger effectiveness significantly in- 

uences the thermodynamic efficiency of a Brayton cycle. 

The phenomenon of pseudoboiling has a direct effect on heat 

xchanger design; either directly through the variation of the spe- 

ific heat capacity c p or indirectly by influencing the heat transfer 

oefficient. Using CFD simulations, van der Kraan et al. [25] showed 

hat for sCO 2 at pressures of below 120 bar, variable thermophysi- 

al property variations and buoyancy effects have to be taken into 

ccount when estimating the heat transfer coefficient. After per- 

orming experimental analysis on a plate exchanger Forooghi and 

ooman [8] reported that the effect of wall-to-bulk thermophys- 

cal property ratios and buoyancy affect heat transfer. The former 
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Fig. 1. a) a sCO 2 heat pump cycle, 1 → 2 boiler, 2 → 3 compressor, 3 → 4 condenser, 4 → 1 expander. b): A transcritical CO 2 Brayton cycle, 1 → 2 compressor, 2 → 3 

recuperator (high pressure side), 3 → 4 gas heater, 4 → 5 turbine, 5 → 6 recuperator (low pressure side), 6 → 1 gas chiller. 
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as found to be more significant than the latter, especially when 

orrugated surfaces were used. After performing experiments with 

 printed circuit heat exchanger, Kruizinga et al. [27] showed that 

sing existing Nusselt number correlations for supercritical fluids 

re unlikely to yield satisfactory heat transfer predictions for a heat 

xchanger. Li et al. [31] attempted to compensate for the Jensen in- 

quality, see Nemati et al. [40] , by introducing a novel PDF-based 

odelling of the average thermophysical quantities in order to en- 

ance heat transfer predictions for printed circuit heat exchangers. 

ven though the previously mentioned research clearly indicates 

hat variable thermophysical properties affect design and perfor- 

ance, not all researchers include the effects of variable properties 

n novel Nusselt number correlations for heat exchangers; see for 

nstance Nikitin et al. [41] and Kwon et al. [30] . 

In this work, the relation between variable thermophysical 

roperties and complex heat transfer characterstics of sCO 2 on 

eat exchanger design and performance is investigated. In partic- 

lar, a gas chiller is investigated as the operating pressure of such 

eat exchangers is close to the critical point for both heat pump 

nd Brayton cycles (see Wright et al. [60] ). To determine the per- 

ormance of the required heat transfer length, the ε − NT U method 

s used. In this method, performance is determined in the form of 

ffectiveness, which is defined as the ratio of the actual heat trans- 

er rate to theoretical maximum heat transfer rate. The effectivenes 

an be readily determined if the number of transfer units NT U –

 measure of non-dimensional heat transfer area – is known, or 

ice versa (see also Hesselgreaves et al. [16] , Roetzel et al. [48] ,

hang [63] ). This method is combined with pseudoboiling theory 

Banuti [1] , Maxim et al. [38] ) to gain better insight into the ef-

ect of pseudo- condensation. Furthermore, the role of the uncer- 

ainty that is inherent to Nusselt number correlations is discussed 

s well. 

This paper is organised as follows; in Section 2 , pseudoboil- 

ng theory is briefly summarized insofar it is relevant to the sub- 

equent parts of the paper. In sections 3 & 4, it is shown how

seudoboiling can be accounted for in heat exchanger design. In 

ection 5 , the effect of variations in inlet temperature and pres- 

ure on effectiveness are discussed, while in Section 6 the ef- 

ect of pseudoboiling on irreversibility is investigated. Finally, in 

ections 7 & 8, the effect of heat transfer deterioration and un- 

ertainty on heat exchanger performance and design is reported. 

. Definition of pseudoboiling 

If the temperature of a liquid becomes equal to the saturation 

emperature during a heating process at sub-critical pressure, the 

iquid will evaporate. At the boiling point, the specific heat capac- 

ty diverges. In contrast, when a fluid at supercritical pressure is 

eated, a smooth transition from liquid-like behaviour to gas-like 

ehaviour occurs that is known as pseudoboiling (Banuti [1] ) or a 
3 
seudo- phase change (Kurganov et al. [28] ), see Fig. 2 a. During 

his transition the specific heat capacity shows a bell-like shape. 

he temperature for which the heat capacity is at its highest is de- 

oted as the pseudo-critical temperature T pc . 

Kurganov et al. [28] argued that when the pseudo- phase 

hange occurs as a result of adding heat to a fluid at (constant) su- 

ercritical pressure, a considerable change in the relative work of 

xpansion E q = (pdV ) / (dq ) p = pβ/ (ρc p ) is observed. In the liquid-

ike state, i.e. when T << T pc , E q ∝ 10 −2 . In the gas-like state, or

hen T >> T pc , E q is typically 0 . 2 − 0 . 4 . Consequently, the region

f the liquid-like state is determined from the condition E q < 

 . 02 − 0 . 03 , while the condition E q ≈ E IG q = R/c IG p denotes the gas-

ike state. 

On the other hand, Banuti [1] defined T − and T + to be the start 

nd end point of the pseudoboiling region, where T − << T pc << 

 

+ . To determine the temperature interval T − → T + , a set of lin-

arised functions for the enthalpy in the liquid like, pseudoboiling 

nd gas-like region, denoted as h LL , h pb and h GL , are derived as: 

h LL ( T ) = c p,LL 

(
T − T LL,re f 

)
+ h 

(
T LL,re f 

)
 pb ( T ) = c p,pc ( T − T pc ) + h ( T pc ) (1) 

 GL ( T ) = c p,GL 

(
T − T GL,re f 

)
+ h 

(
T GL,re f 

)
lease note that h LL , h pb and h GL are presented here in a slightly 

evised form as the reference temperatures and enthalpies for the 

iquid-like and gas-like states are explicitly included, i.e. T LL,re f , T pc , 

 GL,re f . Consulting Fig. 2 b, the start and end point for the pseudo- 

hase change can be formulated as: 

 

− = 

h pb − c p,pb T pb −
(
h LL,re f − c p,LL T LL,re f 

)
c p,LL − c p,pb 

(2) 

 

+ = 

h pb − c p,pb T pb −
(
h GL,re f − c p,GL T GL,re f 

)
c p,GL − c p,pb 

(3) 

he energy required to transition from a liquid-like state to a gas- 

ike state at constant pressure is given as: 

h pb = 

∫ T + 

T −
c p ( T ) dT = h 

(
T + 

)
− h 

(
T −

)
(4) 

ollowing Maxim et al. [38] , the reference states are chosen as 

 LL,re f = 0 . 5 T pc and T GL,re f = T cr . These reference temperatures cor-

espond well to the arguments by Kurganov et al. [28] , since 

 q (T −) = 0 . 08 and E q (T + ) = 0 . 22 for sCO 2 at 8 MPa, which indi-

ates that the CO 2 at this pressure is in a (compressed) liquid-like 

tate when T < T −, and in a gas like state when T > T + . The heat

f pseudoboiling �h pb for CO 2 is shown as a function of the pres- 

ure together with the heat of evaporation (at sub-critical pres- 

ures) in Fig. 2 c. This figure suggests that the concept of pseu- 

oboiling can be used alongside classical thermal-engineering ter- 
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Fig. 2. a) Specific heat capacity and enthalpy for CO 2 at 6 MPa and 8 MPa. b) Definition of the heat of pseudoboiling �h pb for sCO 2 at 8 MPa. c) Heat of evaporation and 

heat of pseudoboiling for CO 2 as a function of the pressure. The parameter B 1 is shown as well. 

Fig. 3. A cooling process (indicated by the dashed line starting at T h,in and ending at T h,out ) at supercritical pressure shown in two phase diagrams: a) P − h diagram, b) T − s 

diagram. The cooling process shown here corresponds qualitatively to the process shown 3 → 4 in Fig. 1 a or process 6 → 1 in Fig. 1 b. 

Table 1 

Parameters of the theoretical heat exchanger under consideration. 

m c [kg/s] m h [kg/s] T h,in [K] T c,in [K] U [W/m 

2 K] P [m] L [m] A [m 

2 ] 

0.208 0.1 350 285 3000 0.145 3.0 0.435 
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Fig. 4. Schematic of the heat exchanger geometry. 

b

c

a

c

u  

t

h

C

C

T

T

a

inology used in heat exchanger designs, i.e. economiser heat- 

ng (h < h (T −)) , steam generation (h (T −) < h (T ) < h (T + )) and su-

erheating (h > h (T + )) , an idea that was already mentioned by

urganov et al. [28] , though without using a quantification for 

h pb . Finally, Banuti [1] defined the non-dimensional number B 1 = 

h pb / �h L − 1 . This number can be regarded as the ratio of struc-

ural energy required to overcome molecular attraction to the ther- 

al energy required to raise the fluid temperature. Parameter B 1 is 

hown in Fig. 2 c for CO 2 . When the pressure exceeds 10.7 MPa, the

tructural energy required is less than the thermal energy. 

The concepts and mathematical formulation of the theory out- 

ined above are used in subsequent sections to investigate how 

seudoboiling - or rather pseudo- condensation - affects gas 

hillers. 

. Supercritical CO 2 heat exchanger design 

For both supercritical CO 2 heat pump cycles and Brayton cycles, 

t is feasible that the inlet and outlet temperatures of the work 

uid lie outside the pseudo- condensation range. A realistic cool- 

ng process at near constant supercritical pressure is shown in a 

 − h and a T − s phase diagram in Fig. 3 . In these phase diagrams,

he pseudo- condensation range is indicated by either h − → h + or 

 

− → s + . It is clear that a significant part of this cooling process

nvolves pseudo- condensation. The aforementioned cooling pro- 

ess can be realised by using a heat exchanger in which the CO 2 

s cooled by water at an initial temperature of T = 285 K (for in-

tance). First, an unbalanced heat exchanger is considered with a 

onstant overall heat transfer coefficient – a variable heat trans- 

er coefficient is considered in Section 7 . In order to investigate 

ow pseudo- condensation affects heat exchanger design, an un- 
4 
alanced heat exchanger with the parameters listed in Table 1 is 

onsidered. 

The cold source is assumed to be water with c p = 4180 J/kg.K 

nd the pressure of the CO 2 is 8 [MPa]. Furthermore, the heat ex- 

hanger geometry is reminescent of the condenser that was also 

sed by Sánchez et al. [58] . The geometry is shown in Fig. 4 . For

his geometry, d i = 5 [mm], d o = 6 . 6 [mm] and D i = 25 . 4 [mm]. 

For this particular heat exchanger, the transport equation for 

eat can be written as: 

 h 

dT h 
dx 

− d 

dx 

(
k 

dT h 
dx 

)
− UP (T h − T c ) = 0 (5) 

 c 
dT c 

dx 
− d 

dx 

(
k 

dT c 

dx 

)
− UP (T h − T c ) = 0 . (6) 

o find the temperature profiles (and thus the outlet temperatures 

 c,out and T h,out ), Eqs. (5) & (6) are solved using a Gauss-Seidel iter- 

tive method, which is described (and validated) in the appendix. 
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Fig. 5. A T − Q diagram of the heat exchanger with sCO 2 on the hot side and water as a cold source. b) The heat exchanger is further divided into three partitions. c) 

Partitions I and III are divided into Ia, Ib, IIIa and IIIb. 
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he solution for T h and T c is shown in Fig. 5 a. The average heat

apacity of the CO 2 is easily determined as: 

 H = 

˙ m h 

T h,out − T h,in 

∫ T h,out 

T h,in 

c p,h dT = 

˙ m h 

(
h h,out − h h,in 

T h,out − T h,in 

)
, (7) 

hich leads to the effectiveness being defined as: 

 = 

(
C H 

C min 

)
T h,in − T h,out 

T h,in − T c,in 
. (8) 

lease note that this definition is different from the one employed 

y Gkountas et al. [9] , as they investigated a recuperator in which 

he fluids on the hot and cold side are the same. From the numer- 

cal results, it is found that T h,out = 300 . 3 [K] and T c = 309 . 8 [K].

hen, according to Eq. (8) , the effectiveness of this heat exchanger 

s equal 0.76. At this point, the combination of the numerical so- 

utions to Eqs. (6) and (8) is little more than rating the heat ex- 

hanger in an elaborate way. The inverse problem, i.e. finding the 

equired heat transfer area or length to obtain a desired effective- 

ess (or temperature difference T h,in − T h,out ), is actually more rele- 

ant to heat exchanger design. 

If the mass flow rates are known a-priori and the thermal load 

or rather T h,in and T h,out ) and T c,in are design requirements, the 

hermal balance for the heat exchanger reads: 

˙ 
 

(
h h,in − h h,out 

)
= C h 

(
T h,out − T h,in 

)
= C c ( T c,out − T c,in ) (9) 

rom Eq. (9) , T c,out is easily determined and subsequently, the ef- 

ectiveness can be determined as well using Eq. (8) . For a sim- 

le heat exchanger with constant fluid properties the well-known 

 − NT U method can be used to determine the required heat ex- 

hange area. For such a heat exchanger, the required heat transfer 

ength can be calculated using 

 = 

C min 

UP (1 − R C ) 
ln 

{ 

1 − εR C 

1 − ε 

} 

, (10) 

here the ratio of heat capacities is defined as 

 C = 

C min 

C max 
(11) 

n which C min = min 

{
C H , C C 

}
and C max = max 

{
C H , C C 

}
. For the heat 

xchanger described above, R C = 0 . 5 . Consequently, Eq. (10) yields 

 required heat transfer length of L = 1 . 9 [m], which is consider-

bly smaller than the length indicated in Table 1 . 

The discrepancy stems directly from the fact that d T h /d x is 

ot at all constant over the length of the heat exchanger; a di- 

ect result of the pseudo- condensation phenomenon. To solve 

his problem, researchers have devised different solutions, such as 

odifying the log mean temperature difference by introducing an 

mpirical correction factor (see Kwon et al. [29] ) or by dividing 
5 
he heat exchangers into many sub-exchangers and applying the 

 − NT U method for each sub-exchanger (see Gkountas et al. [9] , 

uo [11] and Jiang et al. [22 , 23 ]). 

Looking at the solution for T h and T c in Fig. 5 a, it is tempt-

ng to divide the heat exchanger into three separate partitions (see 

ig. 5 b) - a stategy that is also used when dealing with sub-critical 

hase changes in heat exchangers, i.e. boilers and condensers, see 

or instance Luyben [35] . The definitions of the partitions are as 

ollows: partition I) – The sCO 2 is in the liquid-like state ( T h < T −),

artition II) – the sCO 2 is in a pseudo- condensing state ( T − < T h <

 

+ ), partition III) – the sCO2 is in a gas-like state ( T h > T + ). T + c and

 

−
c as indicated in Fig. 5 b, are found by setting up the following

hermal balances; 

 c 

(
T c,out − T + c 

)
= C h,I I I 

(
T h.in − T + 

h 

)
C c 

(
T + c − T −c 

)
= 

˙ m �h pb (12) 

C c 
(
T −c − T c,in 

)
= C h,I 

(
T −

h 
− T h,out 

)
alculating C h , ε and R C for each section individually - see Table 2 b 

 now yields L = 2 . 74 [m], which is much closer to the required

eat transfer length than the attempt in which no partitions were 

onsidererd. 

The prediction can be further enhanced by also dividing parti- 

ions I and III into Ia, Ib, IIIa and IIIb, respectively, as indicated by 

ig. 5 c. The temperatures T ++ 
h 

and T −−
h 

are chosen to be equal to 

18.4 K and 303 K, respectively. The temperatures T −−
c and T ++ 

c are 

ound from setting up a thermal balance per partition. Following 

he same procedure as before now yields a required length of L = 

 . 91 [m]. From Table 2 c, it is clear that subdividing section I (where

he sCO 2 is in a liquid-like state) into two separate parts does not 

nhance the prediction of the required length, as L I = 0 . 39 [m] and

 Ia + L Ib = 0 . 38 [m]. Rather, it is the sub-division of the third par-

ition that leads to the improved prediction of the required length, 

.e. L I I I a + L I I I b = 1 . 17 [m] is clearly larger than L I I I = 0 . 99 [m]; this

nding need not be a general rule of thumb, however. 

Note that dividing the heat exchanger into five partitions (with 

ach partition having an equal temperature glide) can actually re- 

ult in unphysical results, especially for cases very close to the crit- 

cal point. In Fig. 6 , the ε − NT U method is compared with and

ithout the application of the concept of pseudo- condensation for 

ifferent lengths. It is clear that without the application of pseudo- 

ondensation concept, the ε − NT U gives unsatisfactory results. Af- 

er all, it is physically unrealistic that a higher effectiveness could 

e obtained by shortening the heat transfer length. This erroneous 

esult can be mitigated by simply adding more partitions. How- 

ver, as is indicated in Fig. 6 , doubling the number of partitions 

till yields unrealistic results. When the concept of pseudo-boiling 
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Table 2 

Details of the different modelling strategies indicated by Fig. 5 . C c = 868 J/Ks. 

Partition �T h �T c R c,i C min C h,i L i L tot 

N/A 350.0–300.3 285.0–309.9 0.5 C h 432.5 1.9 1.90 

Partition �T h �T c R c,i C min C h,i L i L tot 

III 350.0–310.5 298.0–309.9 0.30 C h 258 0.99 

II 305.5–305.5 298.0–288.0 0.50 C c 1740 1.36 2.74 

I 305.5–300.3 288.0–285.0 0.62 C h 538 0.39 

Partition �T h �T c R c,i C min C h,i L i L tot 

IIIb 350.0–318.4 302.3–309.9 0.24 C h 206 0.57 

IIIa 318.4–310.5 298.0–302.3 0.54 C h 468 0.60 

II 310.5–305.5 288.0–298.0 0.50 C c 1740 1.36 2.91 

Ib 305.5–303.0 286.2–288.0 0.69 C h 600 0.20 

Ia 303.0–300.3 285.0–286.2 0.45 C h 481 0.18 

Fig. 6. Comparison of the ε − NT U methods with and without the theory of 

pseudo-condensation. 
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s used, the heat capacity ratio is more accurately determined then 

t is without the same concept. 

These results show that using the ε − NT U method can be ap- 

lied reliably if the heat exchanger is divided in three partitions 

hat are defined using T − and T + and by subsequently dividing 

he partitions in which sCO 2 has gas-like properties and liquid-like 

roperties into two separate partitions. For even better predictions 

f the required heat transfer area, more partitions can be added. 

or the remainder of this article, only five partitions will be con- 

idered. 

. Effect of pseudo- condensation on heat transfer length 

In this section, it is shown that the five partitions ε − NT U

ethod can also be used to calculate the required heat transfer 

ength for i) different heat capacity ratio’s and ii) when the outlet 

emperature of the sCO 2 , T h,out , is in or outside the pseudo- con-

ensation range. The transport equations Eqs. (5) & (6) are again 

umerically solved, but for different heat exchanger lengths; L = 

 . 3 − 9 . 0 [m]. For each heat exchanger length, the ε − NT U method

s applied as well. The number of partitions used is determined by 

he value of T h,out . Thus, referring back to Fig. 5 c, five partitions

re used when T h,out < T −−. Four partitions are used when T −− <

 h,out < T −, three are used when T − < T h,out < T + , two when T + <
 h,out < T ++ and only one partition is used when T h,out >> T ++ . 

A comparison of the required heat transfer length when using 

o partitions and when using five partitions is shown in Fig. 7 . 

t is clear that for any heat exchanger length, the five partitions 

 − NT U method is in very good agreement with the numerical 

esults when R = 0 . 25 − 0 . 5 . When R = 1 . 0 , the five partitions
C C 

6 
ethod is in good agreement with the numerical results. It is also 

lear that using the ε − NT U method without partitioning leads to 

ignificant underpredictions of the required heat transfer length 

henever pseudo- condensing occurs for all investigated R C . For 

nstance, when ε is required to be equal to 0.7, lack of partition- 

ng yields L = 1 . 3 , 1 . 5 , 2 . 3 [m] for R C = 0 . 25 , 0 . 5 , 1 . 0 , which corre-

ponds to the required lengths to be underestimated by 42%, 50%, 

80%, respectively. 

. Effect of temperature and pressure on effectiveness 

While the effectiveness in Fig. 7 could also be shown as a func- 

ion of NT U , the result would not be universal (like the ε − NT U

ethod is for fluids with constant properties). Unlike the heat 

ransfer length, the effectiveness of the heat exchanger is not sim- 

ly the sum of the local effectiveness of the partitions ε i : 

 = 

N ∑ 

i =1 

C min,i 

C min 

( (
T h,in 

)
i 
− ( T c,in ) i 

T h,in − T c,in 

) 

ε i , (13) 

n which N is the number of partitions and the index refers to 

 quantity belonging to partition i . As a result of c p = f (T , p) ,

ot only the inlet temperature, outlet temperature and pressure 

f the supercritical side affect the effectiveness. Due to the vari- 

tion of C min,i along the heat exchanger length, the effectiveness 

lso depends on the difference between the inlet temperatures per 

artition. In Fig. 8 the effectiveness versus the length is shown 

or different process conditions. In Fig. 8 a, the effect of T h,in is 

hown. As the difference T h,in − T c,in is increased (while keeping 

 c,in the same), the temperature difference at the pinch point be- 

omes smaller when L > 4 . Hence, when increasing T h,in , a longer

eat exchanger length is required in order to obtain the desired 

ffectiveness. For L << 4 , the opposite is true. 

In Fig. 8 b, the effectiveness versus the length is shown for 

ifferent inlet tem peratures T h = 280 − 290 K, while keeping the 

nlet temperature difference T h,in − T c,in constant. It is clear from 

ig. 8 that different inlet temperatures, but the same global tem- 

erature difference, results in significantly different effectiveness. 

he closer T c,in is to the pseudo- condensation range, the smaller 

he temperature difference at the pinch point will be and thus the 

arger the required length will be. 

The effect of the pressure is shown in Fig. 8 c. For higher re- 

uced pressures, the effect of pseudo- condensation on effective- 

ess is significantly decreased. At a pressure of 11 MPa, the effect 

f pseudo- condensation is no longer apparent. This result is agree- 

ent with earlier findings in literature by van der Kraan et al. [25] .

While it is clear from Eq. (13) that the effectiveness depends on 

he process conditions, it is rather limited in its usefulness. After 
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Fig. 7. Length versus effectiveness for different heat capacity ratios R C . The minimum lengths for which the outlet temperature of the sCO 2 is between T − − T + and for 

which it is lower than T − have been indicated. 

Fig. 8. Length versus effectiveness for different heat capacity ratios and different process conditions as indicated. 

Fig. 9. Local effectiveness ε i shown inside T − Q diagrams for three heat exchangers for which R C = 0.25, 0.5 and 1.0. For all heat exchangers, the effectiveness is equal to 

0.75. 
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6

i

ll, the effectiveness ε is easily determined without the concept of 

ocal effectiveness ε i . However, Eq. (13) is valid irrespective of the 

umber of partitions chosen (in fact, if only one partition is used, 

he equation reduces to the trivial result ε = ε, which was defined 

arlier by Eq. (8) ). It is convenient to think of the heat exchanger as

hough it consists of a pre-cooling part, a condenser and a super- 

ooling part. Fig. 9 shows the T − Q diagrams of three different 

eat exchangers, for which ε = 0 . 75 and R C = 0 . 25 , 0 . 5 and 1.0.

n these diagrams, the pre-cooling, condenser and super-cooling 

arts have been denoted again as III, II and I. Note that the ther- 

al load (and thus T h,in − T h, out ) is the same for all three exchang-

rs. However, the temperature rise of the water is not the same 

nd therefore, the local effectiveness also is not. When compar- 

ng the local effectiveness of R C = 1 . 0 with R C = 0 . 5 and R C = 0 . 25

or all three parts, it becomes clear that the local effectiveness in 
[

7 
he condenser part is the most negatively affected by imbalancing: 

 II = 0 . 97 , 0 . 47 and 0.28 for R C = 1 . 0 , 0 . 5 and 0.25, respectively. The

ocal effectiveness in the pre-cooler ε I I I and super-cooler ε I also 

ecrease as R C decreases, but ε I does so only marginally. Further- 

ore, it is clear that as R C is decreased, the local temperature dif- 

erence T h (x ) − T c (x ) becomes larger, which is a typical indicator

or enhanced irreversibility. Unsurprisingly, there is a connection 

etween irreversibility and local effectiveness, which will be dis- 

ussed in the next section. 

. Effect of pseudo- condensation on irreversibility 

Heat exchangers can be considerable sources of irreversibilities 

n thermodynamic cycles; see for instance Fartaj et al. [7] , Sarkar 

52] . The irreversibility is proportional to the rate of entropy gen- 
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Fig. 10. Entropy generation ˙ S gen (1 st row) and entropy generation number N s 1 (2 nd row) versus effectiveness for different heat capacity ratios. 
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ration as ˙ I = T re f 
˙ S gen , according to Manjunath and Kaushik [36] , 

ekuli ́c [56] and Sciacovelli et al. [55] . Exergy is destroyed by ir-

eversbilities associated with friction and stream to stream heat 

ransfer. Following Bejan [2] , Hesselgreaves [17] , Sekuli ́c [56] , Man- 

unath and Kaushik [36] , the rate of entropy generation of a heat 

xchanger in which the fluids can be considered to have constant 

hermophysical properties and for which fritional losses can be ne- 

lected, can be written as: 

˙ 
 gen = C h ln 

{
T h,out 

T h,in 

}
+ C c ln 

{
T c,out 

T c,in 

}
(14) 

sing Eq. (8) , the rate of entropy generation is easily written as a 

unction of the effectiveness: 

˙ 
 gen ( ε) = C h ln 

{
1 − C min 

C h 
ε 

(
1 − T c,in 

T h,in 

)}

+ C c ln 

{
1 + 

C min 

C c 
ε 

(
T h,in 

T c,in 
− 1 

)}
(15) 

ollowing Hesselgreaves [17] , the entropy generation can be writ- 

en in non-dimensional form using the definition of the entropy 

eneration number: 

 s 1 ( ε) = 

(
ε 

(
T h,in 

T c,in 
− 1 

))−1 [
C h 

C min 

ln 

{
1 − C min 

C h 
ε 

(
1 − T c,in 

T h,in 

)}

+ 

C c 

C min 

ln 

{
1 + 

C min 

C c 
ε 

(
T h,in 

T c,in 
− 1 

)}]
(16) 

ike Eq. (10) , Eqs. (15) and (16) can be applied per partition in or-

er to obtain the total rate of entropy generation by summing all 

ontributions per partition: 

˙ 
 gen = 

N ∑ 

i 

˙ S gen ( εi ) . (17) 

In Fig. 10 , the entropy generation rate is shown as a function 

f the effectiveness ( T c,in = 285 K, T h,in = 350 K) for the heat ex-

hanger from Section 4 . It is clear that irrespective of the heat 
8 
apacity ratio R C , the entropy generation (either in dimensional 

r non-dimensional form) is well predicted using the ε − NT U

ethod. Without partitioning, the entropy generation is severely 

verpredicted when T h,out < T + . It is interesting to note here that 

seudo- condensation results in enhanced absolute irreversibility 

 ̇

 S gen ), but in reduced relative irreversibility ( N s 1 ), which is most 

lear when R C < 1 . In other words, when the effectiveness in- 

reases, the thermal load increases faster than the destruction of 

vailable work does. Comparing the entropy generation for dif- 

erent heat capacity ratios shows that the entropy generation 

s smallest for the balanced heat exchanger. In fact, for R C = 1 ,

seudo- condensation does not lead to enhanced entropy genera- 

ion like it does when R C < 1 . 0 . Following the analysis of the previ-

us section, the enhancement of the entropy generation for R C < 1 

oincides with reduced local effectiveness in the condenser and the 

re-cooler parts. However, the enhanced irreversibility is not per se 

he result of reduced local effectiveness. Rather, in the condenser 

specially, the local heat capacity ratio R C,i is much less than unity, 

hich leads to the enhancement of ˙ S gen . 

. Variable heat transfer coefficient 

In the previous analyses, it was assumed that the overall heat 

ransfer coefficient was a constant. However, it is well known that 

he heat transfer coefficient of heated or cooled supercritical fluids 

ary as a result of the thermophysical property variation, see Ehsan 

t al. [6] , Pioro et al. [46] , Yoo [62] . At relatively low heating rates,

he heat transfer coefficient typically shows a maximum close to 

hen the bulk temperature is equal to the pseudo-critical temper- 

ture (Yamagata et al. [61] ), or when T b < T pc < T w 

(Peeters and Ro-

de [44] ) for heated flows. Depending on flow conditions (laminar 

r turbulent), flow orientation, as well as heating or cooling condi- 

ions, heat transfer to supercritical fluids can be enhanced or dete- 

iorated. Enhancement typically occurs in upward cooled flows, or 

n heated downward flows, while heat transfer deterioration may 

ccur in heated upward flows or cooled downward flows. Deterio- 

ation typically occurs when turbulent motions are supressed and 
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Fig. 11. Length versus effectiveness for different heat capacity ratios for upward flowing cooled sCO 2 (enhanced heat transfer) and downward flowing cooled sCO 2 (deterio- 

rated heat transfer). 
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Fig. 12. Probability density function of e for the Nusselt correlation by Bruch et al. 

[3] (representing cooled downward flowing sCO 2 ) and Gnielinski [10] (representing 

heat transfer to turbulent fluids at sub-critical pressure without significant thermo- 

physical property variations. 
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he flow laminarizes, the cause of which are non-negligible buoy- 

ncy forces and/or bulk acceleration. The difference between en- 

anced and deteriorated heat transfer can be large enough to po- 

entially influence heat exchanger design. 

To investigate the latter statement, the same heat exchanger is 

onsidered as before, except that UP in Eq. (6) is now calculated 

s: 

P = 

(
1 

πHT C h d o 
+ 

1 

πHT C c d i 

)−1 

, (18) 

here HT C h and HT C c are the heat transfer coefficient of the 

ot and cold side, respectively. The same five partitions ε − NT U

ethod as before can be used if the average heat transfer coef- 

cient per partition is used, i.e. U i = (U(T h,in ) i + U(T h,out ) i ) / 2 . To

ccount for heat transfer deterioration or enhancement in cooled 

ownward flows at supercritical pressure, the Nusselt correlation 

y Bruch et al. [3] is used: 

Nu b 

Nu F C 

= 1 − 75 

(
Gr 

Re 2 . 7 
b 

)0 . 46 

when 

Gr 
Re 2 . 7 

b 

< 4 . 2 · 10 

−5 

Nu b 

Nu F C 

= 13 . 5 

(
Gr 

Re 2 . 7 
b 

)0 . 4 

when 

Gr 
Re 2 . 7 

b 

> 4 . 2 · 10 

−5 (19) 

q. (19) represents heat transfer deterioration due to laminariza- 

ion when Gr/Re 2 . 7 
b 

< 4 . 2 · 10 −5 and enhancement when Gr/Re 2 . 7 
b 

> 

 . 2 · 10 −5 . For upward cooled sCO 2 , the following relation applies:

Nu b 

Nu F C 

= 

( 

1 . 542 + 3243 

(
Gr 

Re 2 . 7 
b 

)0 . 91 
) 1 / 3 

. (20) 

n the above relations, Nu F C is the relation by Krasnoshchekov et al. 

26] which was later modified by Jackson and Hall [21] : 

u F C = 0 . 0183 Re 0 . 82 
b P r 

0 . 5 
(

ρb 

ρw 

)−0 . 3 

. (21) 

The previous heat exchanger calculations from Section 4 are re- 

eated here, but this time while accounting for the variable heat 

ransfer coefficient. The results are shown in Fig. 11 . Two differ- 

nt observations can be made. The five partitions ε − NT U method 

ields very reasonable predictions for different heat capacity ratios. 

ore importantly, a different heat transfer length is required for a 

iven effectiveness, depending on whether the sCO 2 flows up- or 

ownwards. In the cases of R C = 0 . 5 and R C = 0 . 25 , the difference

n required heat transfer area is significant. This result stems from 

he fact that the thermal resistance of the sCO 2 is larger than the 

hermal resistance of the cold source. While these results are cer- 

ainly not universal, it is clear that laminarization of the sCO 2 flow 

eads to larger heat exchanger design. Therefore, to avoid laminar- 

zation in sCO 2 heat exchangers, it is likely to be very econom- 

cal to employ geometries that promote turbulence, such as fins, 

rooves or inserts. 
9 
. Uncertainty in heat transfer predictions 

Heat transfer to fluids at supercritical pressure is notoriously 

ifficult to predict accurately when compared to heat transfer at 

ub-critical pressure. To lend a modicum of credence to the lat- 

er statement, errors associated with Nusselt number correlations 

ere investigated for both Eq. (19) and the well-known Gnielinski 

10] correlation, (a correlation that is widely accepted as being ac- 

urate for single phase heat transfer at sub-critical pressure). For 

oth correlations, the probability density function of the relative 

rror, as well as the corresponding 95% confidence interval is in- 

estigated. The relative error of a correlation can be defined as: 

 ≡ N u exp − N u corr 

Nu corr 
(22) 

 comparison of the probability density functions of e for both cor- 

elations is shown in Fig. 12 . It is clear that Eq. (19) is significantly

ess accurate at predicting heat transfer to sCO 2 than the Gnielin- 

ki correlation is at predicting heat transfer to fluids at sub-critical 

ressure. Particularly, Eq. (19) is much more likely to yield over- 

redictions. This lack of accuracy can also be found amongst other 

orrelations that were specifically developed for supercritical flu- 

ds, a fact that was recently clearly portrayed by Guo et al. [12] . 

This lack of accuracy is potentially undesirable when design- 

ng heat exchangers. The uncertainty accompanying the correlation 

eans that both the effectiveness and the required heat transfer 

rea cannot be determined accurately, which in turn may lead to 

ver-designed heat exchangers. By performing Monte Carlo simula- 

ions the propagation of the error associated with Eq. (19) can be 

nvestigated. To this end, the inverse cumulative probability den- 

ity function (inverse CDF) corresponding to the PDF of the error 
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Fig. 13. Probability density functions of the effectiveness for a heat exchanger with L = 3 m, T h,in = 350 K and T c,in = 285 K. The smooth red line is the filtered result of the 

raw data. The dashed lines indicate the 95% confidence interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

i

r

T

s

t  

c

u

s

ε  

t

t  

a

m

Q

h

c  

[  

t

s

w

p

N

e

e

t

i  

r

s

N

p

c

l

9

p

t

c

d

n Eq. (22) , is created. A Monte Carlo simulation can then be car- 

ied out as follows: 

1. a random number between 0 and 1 is generated. 

2. using the random number, the error e is detemined from the 

inverse CDF. 

3. the Nusselt number (and thus the heat transfer coefficient) is 

then determined from Nu = Nu cor ( 1 + e ) 
4. the transport equations for the thermal energy are solved as 

described under Section 3 . 

5. the effectiveness is determined and recorded 

6. steps 1 to 5 are repeated N times. 

7. determine the PDF of the effectiveness. 

his procedure was applied to the heat exchanger that was previ- 

ouly described in Section 3 for three different heat capacity ra- 

ios with N = 50 0 0 ; see Fig. 13 . It is clear that in the R C = 0 . 25

ase (or when the thermal resistance of the sCO 2 is dominant) the 

ncertainty of the correlation has a significant effect on the pos- 

ible outcome of the effectiveness. The 95% confidence interval is 

 = 0 . 63 − 0 . 75 . For the other heat capacity ratios (for which the

hermal resistance of the water is larger), the effect of the uncer- 

ainty is less clear; the 95% confidence intervals are ε = 0 . 58 − 0 . 69

nd 0 . 58 − 0 . 64 , respectively. 

While the spread of potential effectiveness outcomes 

ay not mean much in terms of the thermal load as 

 = εC min 

(
(T h,in − T c,out 

)
at first, it is important to note that 

igh thermal effectiveness is important in order to achieve high 

ycle efficiencies, as is outlined by Brun et al. [4] , Saeed et al.

51] and Saeed et al. [50] . Therefore, it is important to know how

he uncertainty accompanying any Nusselt correlation affects the 

ize of the sCO heat exchangers. The Monte Carlo method that 
2 

Fig. 14. Length versus effectiveness

10 
as used before can also be used to investigate the latter. The 

rocedure then is as follows: 

1. steps 1, 2 and 3 of the previous Monte Carlo simulation are re- 

peated 

4. using the five partitions ε − NT U method, the required length 

is determined and recorded 

5. steps 1 to 4 are repeated for N times 

6. the PDF of the required length is determined 

7. the 95% confidence interval is determined for the required 

length 

The results of the latter procedure are shown in Fig. 14 . The 

usselt correlation has a significant effect on the required heat 

xchanger size for both balanced and unbalanced heat exchang- 

rs. For the investigated heat capacity ratios, the upper bound of 

he 95% confidence interval is 42%, 39% and 42% larger than what 

s predicted by the Nusselt correlation for R C = 0 . 25 , 0 . 5 and 1.0,

espectively. These results mean that any heat exchanger design 

hould be at least over 42% larger than what is predicted by the 

usselt correlation, in order to ensure that the heat exchanger 

erforms as intended. This is even true for the balanced heat ex- 

hanger, where the thermal resistance of the supercritical fluid has 

ess influence than in the other cases. 

. Conclusions 

In this paper, the effect of pseudo- condensation at supercritical 

ressure on the design of gas chillers is investigated. By combining 

he classical ε − NT U method with pseudoboiling theory, the gas 

hiller can be regarded as the combination of a pre-cooler, a con- 

enser and a super-cooler. To predict the required size of the heat 
 with 95% confidence bands. 
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Fig. B.15. Comparison between the numerical method and the analytical method. 
xchanger, the pre-cooler and super-cooler should be divided into 

wo separate parts. This method was used to show how pseudo- 

ondensation affects gas chillers at supercritical pressure. 

As a result of pseudo-condensation, the effectiveness of the gas 

hiller depends not only on the heat capacity ratio and the heated 

ength, but also on inlet temperatures and operating pressure. Fur- 

hermore, when the heat capacity ratio changes from unity to less 

han unity, the local effectiveness of the condenser partition is 

ignificantly reduced. A decrease in local effectiveness as a result 

f imbalancing coincides with enhanced entropy generation as a 

esult of pseudo- condensation. Thus, when operating conditions 

ary from design specifications, the effectiveness varies signifcantly 

s well, which may impact the thermal efficiency or COP in super- 

ritical power- and heat pump cycles. 

Heat transfer deterioration can affect the required size signifi- 

antly. In the examples discussed in this work, the maximum dif- 

erence between required lengths in enhanced and deteriorated 

eat transfer regime was characterised by a factor larger than 

wo. This result highlights the need for heat transfer enhancement 

hen operating in the deteriorated heat transfer regime. 

As a result of the large uncertainties that accompany Nusselt 

orrelations (especially for the deteriorated heat transfer regime), 

as chillers may not perform as intended. Through Monte Carlo 

imulations, it was shown that the effectiveness shows significant 

ariations as a result of Nusselt number uncertainty when the 

eated length was kept constant. Vice versa, the Nusselt number 

ncertainty leads to significant uncertainty in the required heat 

ransfer length; heat exchangers involving sCO 2 may well need to 

e over 50% larger in reality than a design that is based on Nusselt

umber correlations. 

Finally, it should be noted that the conclusions regarding the 

ariability and uncertainty of heat transfer coefficients need not be 

alid for each and every heat exchanger involving sCO 2 . However, 

he corresponging results, analyses and conclusions serve as an in- 

icator to other designs if similar conditions are applicable. 
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ppendix A. Numerical model 

In discrete form, the thermal energy balance on the hot side of 

he heat exchanger can be written as: 

˙ 
 | i +1 / 2 − ˙ Q | i −1 / 2 − UP �x ( T h | i − T c | i ) = 0 , (A.1) 

here ˙ Q = ˙ m h h h − kA (d T /d x ) . The thermal gradients can

e approximated as d T h /d x | i +1 / 2 ≈ −k p (T h | i +1 − T h | i ) /d x and

 T h /d x | i −1 / 2 ≈ −k m 

(T h | i − T h | i −1 ) /d x , where k p = 1 / 2(k | i +1 + k | i )
nd k m 

= 1 / 2(k | i + k | i −1 ) . Dividing by �x yields: 

˙ 
 h 

(
h h | i +1 / 2 − h h | i −1 / 2 

�x 

)

− A 

�x 2 
( k p T h | i +1 − (k p + k m 

) T h | i + k m 

T h | i −1 ) 

−UP �x ( T h | i − T c | i ) = 0 (A.2) 

ince dh = c p dT + (1 − βT ) dp/ρ ≈ c p dT , the convective term can

e rewritten as: 

˙ 
 h 

(
h h | i +1 / 2 − h h | i −1 / 2 ) 

�x 

)
≈ C h 

(
T h | i +1 / 2 − T h | i −1 / 2 

�x 

)
. (A.3) 
11 
inally, noting that T h | i +1 / 2 ≈ 1 / 2(T h | i +1 + T h | i ) , an explicit expres-

ion for T h | i is obtained: 

 h | i = 

( 

1 

A (k m + k p ) 
�x 2 

+ UP 

) (
UP T c | i + 

(
Ak m 

�x 2 
− C h 

�x 

)
T h | i −1 

+ 

(
Ak p 

�x 2 
+ 

C h 
�x 

)
T h | i +1 

)
(A.4) 

q. (A.4) is iteratively used in conjunction with similar expression 

or T c | i , until a converged solution is found. Every 200 iterations, a 

avitsky-Golay filter is applied to ensure that a converged solution 

an be found. 

ppendix B. model validation 

Consider a heat exchanger consisting of three parts; a pre- 

eater, an evaporator and a super heater. A supercritical fluid is 

eated by a hot gas for which C h = 465 J/K.s. For the supercritical

uid, the following is true; 

 p = 

⎧ ⎨ 

⎩ 

c p,LL T < T −
�h pb 

T + −T − T − < T < T + 

c p,GL T > T + 
(B.1) 

n which c p,LL = 40 0 0 J/kg.K, �h pb = 10 5 J/kg, T + = 310 , T − = 305 ,

 p,GL = 20 0 0 J/kg.K. The inlet temeratures of the heat exchanger 

re as follows; T c,in = 285 and T h,in = 350 . Furthermore, the mass 

ow rate of the supercritical fluid is m c = 0 . 1 kg/s. Furthermore,

he perimeter is 0.145 m 

2 . The analytical solution for the tempera- 

ure difference in the three different section of the heat exchanger 

an be written as; 

 h (x ) − T c (x ) = �T ( x i ) exp 

{ 

UP 

(
1 

C h 
− 1 

C c 

)
x 

} 

, (B.2) 

n which �T ( x i ) is the temperature difference at location x i . Note 

hat location x i denotes the locations x = 0 , the location where 

 = T − and T + and finally x = L , where L is the length of the heat

xchanger. Note that these four locations are easily determined 

hile using Eq. (10) . The temperature profile T h (x ) can be deter- 

ined per section with: 

 h (x ) = T h (x i ) + 

(
1 

C h 
− 1 

C c 

)−1 ( 1 

C h 

)
�T ( x i ) exp 

{ 

UP 

(
1 

C h 
− 1 

C c 

)
x 

} 

(B.3) 

The numerical method that was described earlier in Section 3 is 

sed to obtain the temperature profiles for the aforementioned 

eat exchanger and is compared against the profiles that are de- 

cribed by Eqs. B.2 and B.3 . Fig. B.15 shows that the numerical 

ethod is in excellent agreement with the analytical method. 
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