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A thermodynamic study is carried out to investigate the effect of multi-stream heat exchanger on the per-
formance of natural gas (NG) liquefaction with mixed refrigerant (MR). A cold stream (low-pressure MR)
is in thermal contact with opposite flow of two hot streams (high-pressure MR and NG feed) at the same
time. In typical process simulation with commercial software (such as Aspen HYSYS�), the liquefaction
performance is estimated with a method of minimum temperature approach, simply assuming that
two hot streams have the same temperature. In this study, local energy balance equations are rigorously
solved with temperature-dependent properties of MR and NG feed, and are linked to the thermodynamic
cycle analysis. The figure of merit (FOM) is quantitatively examined in terms of UA (the product of overall
heat transfer coefficient and heat exchange area) between respective streams. In a single-stage MR pro-
cess, it is concluded that the temperature profile from HYSYS is difficult to realize in practice, and the
FOM value from HYSYS is an over-estimate, but can be closely achieved with a proper heat-exchanger
design. It is also demonstrated that there exists a unique optimal ratio in three UA’s, and no direct heat
exchanger between hot streams is recommended.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Mixed refrigerant (MR) is used in most of natural gas liquefac-
tion processes under operation [1–6]. Since the natural gas (NG)
is a mixture of different hydrocarbons, its specific heat varies con-
siderably over temperature in the liquefaction process. In order to
achieve a high efficiency, it is important to reduce the entropy gen-
eration due to temperature difference in heat exchangers [7,8]. In
general, the MR cycle is effective in reducing the temperature dif-
ference with a small number of components, if its composition and
operating pressure are optimized [1]. A single-stage MR process
based on simple Joule–Thomson cycle is shown in Fig. 1. In the heat
exchanger (HX), a cold stream of low-pressure MR (L) is in thermal
contact with two opposite hot streams of high-pressure MR (H)
and NG feed (F) at the same time.

General-purpose process simulators such as Aspen HYSYS� or
SIMSCI PRO II� are commercially available and widely used for
the design and development of MR processes [1]. The simulator
is basically an equation solver for mass and energy balances with
real fluid properties of mixtures, typically based on a cubic (e.g.
Peng–Robinson) equation of state. One of the special features in
cryogenic liquefaction processes is the possibility of internal tem-
perature pinch point in multi-stream heat exchanger. A simplest
ll rights reserved.

+82 2 322 7003.
ng).
way of dealing with this problem is to specify a minimum temper-
ature approach between the hot and cold streams, assuming that
the two hot streams have the same temperature [1].

Two standard types of heat exchangers employed in natural gas
liquefaction are plate-fin heat exchangers (PFHXs) and spiral-
wound heat exchangers (SWHXs) [9]. In either type, however, it
is not realistic for two or more hot streams to have the same tem-
perature at every axial location. This study is proposed to investi-
gate how the actual temperature profile is different from the result
of the process simulators and how much the difference affects the
thermodynamic performance of liquefaction process. Towards the
goal, it is intended to formulate and rigorously solve the energy
balance equations for each stream of heat exchanger, and then
incorporate the actual temperature profile into the thermodynamic
cycle analysis.

This analytical work is part of our ongoing efforts supported by
the LNG Plant R&D Center under the MLTM (Ministry of Land,
Transportation and Maritime Affairs) of Korean Government. The
Center was established in 2008 with 8-year program, aiming at
efficient liquefaction technology to compete for worldwide LNG
plant market in near future. Specifically, the Center is supposed
to design, construct, and operate two units of test bed. The first
unit under construction is based on the reputed propane-precooled
MR (so-called C3-MR) process [1,2], but the second unit is sup-
posed to employ a new and original single MR process that has
been lately modified and patented in Korea [6].

http://dx.doi.org/10.1016/j.cryogenics.2012.05.014
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Nomenclature

C specific heat at constant pressure (kJ/kg K)
FOM figure of merit for liquefaction
h specific enthalpy (kJ/kg)
_m mass flow rate (kg/s)

NTU number of transfer units
P pressure (MPa)
_Sgen entropy generation rate (kW/K)
T temperature (K)
UA product of overall heat transfer coefficient and heat ex-

change area (kW/K)
_W power input for liquefaction (kW)

x dimensionless distance from cold end in heat exchanger

Greek letter
h fraction of heat transferred in heat exchanger

Subscripts
0 ambient and inlet of natural gas feed
1, 2, . . . location of mixed refrigerant cycle
AC after-cooler
C compressor
F feed of natural gas
H high-pressure stream of mixed refrigerant
HX heat exchanger
JT Joule–Thomson valve
L low-pressure stream of mixed refrigerant
LNG liquefied natural gas
min minimum
MR mixed refrigerant
tot total value or sum

Fig. 1. Single-stage mixed refrigerant process for natural gas liquefaction.

H.-M. Chang et al. / Cryogenics 52 (2012) 642–647 643
2. Thermodynamic basis

2.1. Liquefaction performance

The thermodynamic performance of a liquefaction system is
evaluated in terms of the work required per unit mass of liquefied
gas [1]. According to the combined first and second law [8], there
exists an absolute minimum in the liquefaction work, as given by
the flow availability of LNG.

_Wmin

_mF
¼ ðhLNG � h0Þ � T0ðsLNG � s0Þ ð1Þ

where T0 is the ambient temperature at which heat is rejected by
the liquefaction system. The figure of merit (FOM) is a dimension-
less parameter defined as the ratio of minimum work to actual work
[1]. For the single-stage MR process shown in Fig. 1,

FOM ¼
_Wmin

_W
¼

_mF ½ðhL � h0Þ � T0ðsL � s0Þ�
_mMR½ðh2a � h1Þ � ðh2 � h2bÞ�

ð2Þ

The difference between the actual work and minimum work is
the irreversibility, which can be expressed as the sum of entropy
generation at each component multiplied by the ambient temper-
ature [8].
Table 1
Composition (mol%) of mixed refrigerant and natural gas feed in present study [1].

Component Nitrogen Methane Ethane

Mixed refrigerant 11.6 28.4 30.7
NG Feed 4.0 87.5 5.5
_W � _Wmin ¼ T0
_Sgen;HX þ _Sgen;C þ _Sgen;AC þ _Sgen;JT

� �
ð3Þ
2.2. Assumptions

For the present study, the following assumptions are taken from
[1]:

� The pressure drop in heat exchanger is zero.
� The low and high pressures of MR cycle are 0.4 and 2.4 MPa,

respectively. (P1 = P5 = 0.40 MPa, P3 = P4 = 2.40 MPa)
� The feed pressure of natural gas (NG) is 4 MPa.

(P0 = PLNG = 4.00 MPa)
� The ambient temperature is 300 K, and the LNG temperature is

113 K. (T0 = 300 K, TLNG = 113 K)
� The exit temperature of all after-coolers is 305 K.

(T3 = T2b = 305 K)
� The adiabatic efficiency of all compressors is 80%.
� The intermediate pressure of two-stage compression is deter-

mined so as to minimize the total compressor power.
� As a ‘‘unit’’ liquefaction system, the mass flow rate of MR is

1 kg/s.

_mMR ¼ 1 kg=s ð4Þ

The composition of MR should be optimally determined in
accordance with the composition and pressure of NG feed. For a di-
rect comparison with existing data, the compositions of MR and
NG feed are also taken from [1], and listed in Table 1.

Upon these assumptions, there are only four unknowns in the
liquefaction system; three temperatures (T1, T4, T5) and the mass
flow rate of NG feed ( _mF). Two equations can be written for en-
ergy balance at Joule–Thomson valve (JT) and heat exchanger
(HX).

h4 ¼ h5 ð5Þ

_mMRðh1 � h5Þ ¼ _mMRðh3 � h4Þ þ _mFðh0 � hLNGÞ ð6Þ
Propane n-Butane i-Butane i-Pentane

14.0 5.7 0.0 9.5
2.1 0.5 0.3 0.1



Table 2
Temperature, pressure, vapor fraction and mass flow rate in single-stage MR process from HYSYS� and present study.

HYSYS Present study

Temperature (K) Pressure (MPa) Vapor fraction Flow rate (kg/s) Temperature (K) Pressure (MPa) Vapor fraction Flow rate (kg/s)

MR 1 296.4 0.40 1.000 1.000 295.5 0.40 1.000 1.000
2a 347.1 0.98 1.000 1.000 346.1 0.98 1.000 1.000
2b 305.3 0.98 1.000 1.000 305.3 0.98 1.000 1.000
2 358.7 2.40 1.000 1.000 358.7 2.40 1.000 1.000
3 305.0 2.40 0.815 1.000 305.0 2.40 0.815 1.000
4 113.4 2.40 0.000 1.000 113.6 2.40 0.000 1.000
5 110.0 0.40 0.070 1.000 110.2 0.40 0.071 1.000

NG feed 0 300.0 4.00 1.000 0.131 300.0 4.00 1.000 0.129
LNG 113.0 4.00 0.000 0.131 113.0 4.00 0.000 0.129
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In order to complete the thermodynamic cycle, two additional
equations are needed for the three-stream heat exchanger, as dis-
cussed in next sections.

3. Heat exchanger analysis

3.1. Process simulation with Aspen HYSYS�

A simple and widely used method in process simulation is to as-
sume that two hot streams (H and F) have the same temperature
and specify a minimum temperature approach between hot and
cold streams.

TH � TL ¼ TF � TL P DTmin ð7Þ

An example of simulation result from HYSYS� with DTmin = 3 K
is listed in Table 2 and plotted on temperature–entropy diagram as
Fig. 2. The FOM is 37.1% from Eq. (2). The temperature profile of hot
and cold streams is plotted as a function of fraction of heat trans-
ferred (h) in Fig. 3a, and the temperature difference is magnified in
Fig. 3b. It is noted that Fig. 3a and b are in exact agreement with
Figs. 6.9 and 6.10 of [1], respectively. The temperature pinch point
appears around at h = 0.34 and a sharp peak of temperature differ-
ence occurs near the warm end because of the thermodynamic
properties.

3.2. Local energy balance equations

Instead of Eq. (7), the temperature distribution of three streams
can be rigorously calculated from the system of differential equa-
tions for local energy balance.
Fig. 2. Temperature–entropy diagram of mixed refrigerant (MR) and natural gas
(NG) feed for single-stage MR process.
_mMRCH
dTH

dx
¼ UAH—LðTH—TLÞ þ UAH—FðTH—TFÞ ð8Þ

_mMRCL
dTL

dx
¼ �UAH—LðTH � TLÞ � UAF—LðTF � TLÞ ð9Þ

_mFCF
dTF

dx
¼ UAF—LðTF � TLÞ � UAH—FðTH � TFÞ ð10Þ

where C and UA are the temperature-dependent specific heat of sub-
scribed stream and the product of overall heat transfer coefficient
and heat exchange area between subscribed streams, respectively,
Fig. 3. Temperature profile in heat exchanger from HYSYS� when minimum
temperature approach is 3 K. (a) Temperature of hot and cold streams. (b)
Temperature difference between hot and cold streams.



Fig. 4. Calculated temperature profile in heat exchanger with UAH–L = 81,
UAF–L = 19, UAH–F = 0 kW/K. (a) Temperature of three streams. (b) Temperature
difference between hot and cold streams.

Fig. 5. Effect of heat exchange between hot streams on temperature profile in heat
exchanger. (a) UAH–F = 3 kW/K. (b) UAH–F = 30 kW/K. (c) UAH–F = 300 kW/K.

H.-M. Chang et al. / Cryogenics 52 (2012) 642–647 645
and x is the dimensionless distance from cold end (x = 0) towards the
warm end (x = 1). The boundary conditions are

TFð0Þ ¼ TLNG ¼ 113 K; TFð1Þ ¼ T0 ¼ 300 K; THð1Þ ¼ T3 ¼ 305 K

ð11Þ

Once the three UA values are given, Eqs. (8)–(10) are numeri-
cally solved with the temperature-dependent C. Eq. (6) is redun-
dant here, because it is identical to the integrated sum of Eqs.
(8)–(10). Fourth-order Runge–Kutta integration is performed itera-
tively with a shooting method until Eqs. (5) and (11) are satisfied.
The temperature distribution is obtained as a function of x, but
converted to a function of h by

h ¼ hLðTLÞ � hLðT5Þ
hLðT6Þ � hLðT5Þ

ð12Þ

where TL is a function of x.
4. Results and discussion

A set of calculated result with UAF–L = 19, UAH–L = 81,
UAH–F = 0 kW/K is listed also in Table 2, and plotted in Fig. 4a and
b. These values of UAF–L and UAH–L are selected by trial and error
such that the minimum temperature approach between the sub-
scribed streams is approximately 3 K, as discussed later. The UAH–F
value is taken to be zero, which means that there is no direct heat
exchange between high-pressure MR and NG feed. If the UAH–F va-
lue were infinitely large, two hot streams would have the same
temperature profile. The temperature pinch point is found around
h = 0.33 for high-pressure MR (H), but at h = 0 (cold end) for NG
feed (F). In order to verify the validity of numerical calculation,
the calculation is repeated with the same values of UAH–L and UAF–L,
but with different values of UAH–F = 3, 30, and 300 kW/K, and the
results are plotted in Fig. 5a–c, respectively. As the heat exchange



Fig. 6. Effect of UAF–L and UAH–L on liquefaction performance when UAH–F = 0. (a)
FOM as a function of UAF–L/UAtot for selected values of UAtot. (b) Maximum FOM as a
function of UAtot.

Fig. 7. Contour map of FOM on UAH–L/UAtot vs. UAF–L/UAtot diagram when
UAtot = 100 kW/K.

Fig. 8. Utilization of input power as useful effect (FOM) and irreversibility by
components. (a) Result from HYSYS�. (b) Optimized result of present study.
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between hot streams becomes greater, the temperature difference
profile gets closer to Fig. 3b, which is considered the asymptotic
limit of UAH–F =1. As UAH–F increases, the sharp peak in F–L differ-
ence around h = 0.25 shrinks gradually and merged to a minor kink,
because the high-pressure MR (H) has larger thermal capacity than
the feed (F).

If Figs. 3–5 are compared in terms of the UA values used for cal-
culation, it may be stated that the temperature profile from
HYSYS� is difficult to realize in practice, unless UAH–F is far greater
than UAH–L and UAF–L. Since it does not seem realistic to afford a
large fraction to direct heat exchange between two hot streams
in typical PFHX or SWHX, the temperature profile in actual mul-
ti-stream heat exchanger should be closer to Fig. 4 rather than
Fig. 3.

The next question is how this actual temperature profile affects
the thermodynamic performance of liquefaction. The calculation is
repeated with various values of three UA’s to generate a full data
set. First, the effect of UAF–L and UAH–L is considered, when
UAH–F = 0. Fig. 6a is a plot of FOM as a function of UAF–L/UAtot for se-
lected values of UAtot (=UAF–L + UAH–L). As UAF–L or UAH–L increases,
the FOM increases because the irreversibility due to temperature
difference decreases. On the other hand, the key point is that there
exists a unique optimal ratio of (UAF–L:UAH–L) to maximize the FOM
for a given UAtot, as indicated by dots. This implies that the thermo-
dynamic efficiency is dependent not only on the total size of heat
exchanger, but also the structure of multi-stream in heat-exchan-
ger design. For example, in typical SWHX where two hot streams
flow through parallel tube bundles, the UA values are dependent
not only on the total number of tubes, but also the fraction of tubes
allocated to each stream. The optimal ratio is found in the range of
(0.15:0.85)–(0.19:0.81) when UAtot = 60–100 kW/K. Fig. 6b is sim-
ply another plot to show how the maximum FOM (with the optimal
ratio) increases as UAtot increases. When UAtot = 100 kW/K and (UA-
F–L:UAH–L) = (0.19:0.81), the maximum FOM is 36.2%, which
matches the case of DTmin = 3 K for both streams, as shown in Fig. 4.
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In the same context, the effect of three UA values (including
UAH–F) is simultaneously examined, when their sum is given.

UAtot ¼ UAF—L þ UAH—L þ UAH—F ð13Þ

This is an optimization of three-way ratio (UAF–L:UAH–L:UAH–F),
where two UA fractions are independent. Fig. 7 is a contour map
of FOM on UAH–L/UAtot vs. UAF–L/UAtot diagram, when UAtot =
100 kW/K again. The domain of map is defined as the right triangle
(shaded area), because the sum of UAF–L/UAtot and UAH–L/UAtot

cannot exceed the unity. The outermost diagonal (solid line)
indicates the line of UAH–F = 0, and the inner diagonals (dotted
lines) indicate the lines of UAH–F/UAtot = 0.1, 0.2, and 0.3. Clearly,
there is a single peak of FOM at (UAF–L:UAH–L:UAH–F) = (0.19:0.81:0),
and the maximum FOM is 36.2%. The summit is located on the
outermost diagonal, where UAH–F = 0 or there is no direct heat
exchange between hot streams. It is recalled that these results
are obtained when UAtot = constant in Eq. (13).

Another interesting feature in Fig. 7 is the slope near the sum-
mit. As indicated by an arrow, the slope of FOM is very steep in
the direction away from the diagonal. This implies that any direct
heat exchange between the hot streams could make a strong im-
pact as loss of FOM. For example, in typical SWHX (or shell-and-
tube HX) where two hot streams flow through parallel tube bun-
dles, any contact of tubes could be detrimental to the liquefaction
performance, because the heat exchange between hot and cold
streams deteriorates while the thermal contact between hot
streams improves.

The overall thermodynamic performance is summarized in
Fig. 8a and b for the results from HYSYS� and the present analysis,
respectively. The shaded pie indicates the useful effect, which is
equivalent to FOM from Eq. (2), and the remaining white pies indi-
cate the irreversibility fraction by components from Eq. (3). The
FOM from HYSYS� simulation (with UAH–F =1) is an over-estimate
due to the smaller irreversibility at HX, but can be closely achieved
by a proper heat-exchanger or the optimal UA ratio (UAF–L:UAH–L).

The liquefaction capacity or size of heat exchanger is not con-
sidered in this study, as the analysis is based on a unit cycle accord-
ing to Eq. (4). However, the magnitude of presented UA values may
be useful to heat-exchanger design. The number of transfer units
(NTU) is a dimensionless parameter defined as

NTU ¼ UA
ð _mCÞmin

ð14Þ

The temperature-averaged specific heat is 4.29 and 3.17 kJ/kg K
for NG feed (F) and high-pressure MR (H), respectively. The NTU
corresponding to UAF–L = 19 and UAH–L = 81 kW/K is estimated at
33.8 and 25.6, respectively, which are typical great values in highly
effective cryogenic heat exchangers.

Finally, the significance and limit of presented study should be
mentioned. The overall heat transfer coefficient (U) can be esti-
mated with a reasonable accuracy by engineering correlations
(for example, see Sections 6.3 and 6.4 of [9] for SWHX and PFHX,
respectively), if the physical dimension of heat exchanger such as
tube diameter or size of fins is specified [10]. Strictly speaking,
the UA values in Eqs. (8)–(10) may vary along the streams, but
the detailed heat-exchanger design is beyond the scope of this
thermodynamic study. Despite the simplicity, this study clarifies
the significant effect of thermal interaction between respective
streams, which is overlooked in the process simulation with com-
mercial software.

5. Conclusions

A single-stage MR process for LNG plant is investigated as part
of the governmental project to design and construct a test bed in
Korea. Local energy equations of three-stream heat exchanger are
rigorously solved with real properties of cryogenic mixture and
incorporated into the thermodynamic cycle analysis. The following
conclusions are drawn from this investigation:

� The temperature profile from HYSYS� with a minimum temper-
ature approach is difficult to realize in practical multi-stream
heat exchangers.
� The FOM value based on the temperature profile from HYSYS� is

an over-estimate, but can be closely achieved with a proper
heat-exchanger design.
� For the three-stream heat exchanger in single-stage MR process,

there exists a unique optimal ratio for three UA values to max-
imize the FOM, if the sum of UA’s is given as a constraint.
� No direct heat exchange between two hot streams is recom-

mended for efficient liquefaction process.
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