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Abstract Large-scale cryogenic air separation units
(ASUs), which are widely used in global petrochemical
and semiconductor industries, are being developed with
high operating elasticity under variable working condi-
tions. Different from discrete processes in traditional
machinery manufacturing, the ASU process is continuous
and involves the compression, adsorption, cooling, con-
densation, liquefaction, evaporation, and distillation of
multiple streams. This feature indicates that thousands of
technical parameters in adsorption, heat transfer, and
distillation processes are correlated and merged into a
large-scale complex system. A lumped parameter model
(LPM) of ASU is proposed by lumping the main factors
together and simplifying the secondary ones to achieve
accurate and fast performance design. On the basis of
material and energy conservation laws, the piecewise-
lumped parameters are extracted under variable working
conditions by using LPM. Takagi–Sugeno (T–S) fuzzy
interval detection is recursively utilized to determine
whether the critical point is detected or not by using
different thresholds. Compared with the traditional
method, LPM is particularly suitable for “rough first then
precise” modeling by expanding the feasible domain using
fuzzy intervals. With LPM, the performance of the air
compressor, molecular sieve adsorber, turbo expander,
main plate-fin heat exchangers, and packing column of a
100000 Nm3 O2/h large-scale ASU is enhanced to adapt to
variable working conditions. The designed value of net
power consumption per unit of oxygen production
(kW/(Nm3 O2)) is reduced by 6.45%.

Keywords performance design, air separation unit
(ASU), lumped parameter model (LPM), variable working
conditions, T–S fuzzy interval detection

1 Introduction

Industrial gases, such as oxygen (O2), nitrogen (N2), and
argon (Ar), are important feedstock or energy sources in
petrochemical, aerospace, thermal power, ferrous metal-
lurgy, and other modern industries. Industrial gases are
usually produced by air separation units (ASUs) [1]. ASUs
are used to separate atmospheric air into its initial
components, which are usually O2, N2, Ar, and other
inert gases, by using various air separation processes, such
as cryogenic distillation, membrane adsorption, pressure
swing adsorption, and vacuum pressure swing adsorption
[2]. The most effective method to produce large quantities
of high-purity industrial gases is cryogenic air separation,
which is a capital and energy-intensive process [3]. ASUs
are being developed with large capacity, high efficiency,
high automation, and high reliability to meet increasing
industrial requirements. Different from discrete processes
in traditional machinery manufacturing, the ASU process
is continuous and involves the compression, adsorption,
cooling, condensation, liquefaction, evaporation, and
distillation of multiple streams. This feature means that
thousands of technical parameters in adsorption, heat
transfer, and distillation processes are correlated and
merged into a large-scale complex system (LSCS). The
ASU field involves multilateral knowledge from various
areas, such as thermal science, electromechanical
dynamics, hydromechatronics, automation control, and
physical chemistry. Improving the independent design
level, innovation, and international competitiveness of
reconfigurable mechanical products is important [4].
Therefore, how to achieve accurate and fast performance
design of ASUs is a major challenge for the academia.
In theoretical research on cryogenic ASUs, Huang et al.
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[5] conducted theoretical research on cryogenic ASUs and
reported that such ASUs fluctuate in variable working
conditions to respond to changing product demands; they
proposed a nonlinear model predictive control based on
rigorous dynamic models for cryogenic ASUs to overcome
this problem. Kansha et al. [6] introduced a novel
cryogenic air separation process based on self-heat
recuperation; the energy consumption of the proposed
process is 36% lower than that of the conventional
cryogenic air separation process. Fu et al. [7] developed
a complete equation-oriented model that can be used to
solve particular issues in cryogenic air separation, namely,
thermodynamic parameter estimation, process analysis
with heat-coupling design, and process optimization with
varying load demands.
In the experimental research on cryogenic ASUs, Aneke

and Wang [8] conducted on cryogenic ASUs, they
investigated the potential of improving the energy
efficiency of a conventional cryogenic ASU by using
binary heat recovery cycles through modeling and
simulation. The simulation results showed that the net
power consumption of the conventional cryogenic ASU is
reduced. Cao et al. [9] proposed a full-order stage-wise
model for distillation columns in ASUs in consideration of
key process phenomena. The simulation results showed
that the thermal integration between feed and product
flows captured in the primary heat exchanger is the key to
determining the behavior of ASUs accurately. Ebrahimi
and Ziabasharhagh [10] used liquefied natural gas cold
energy for a cryogenic ASU to improve the performance of
this cycle. This integration reduces the power demand and
initial capital cost of ASU by 8.04% and 17.5%,
respectively.
In optimization research on cryogenic ASUs, Rizk et al.

[11] simulated three types of distillation and calculated the
exergy in the different parts. The results showed that the
exergy efficiency of a double diabatic column is 23%
higher than that of conventional columns. Tong et al. [12]
proposed a combined variable oxygen supply method for a
cryogenic ASU to reduce energy consumption. The results
showed that the total energy efficiency of the ASU is
increased by 11%–31%. Jin et al. [13] used control
optimization aided by the dynamic exergy method to
implement energy-efficient operations for cryogenic
ASUs. Dynamic process real-time optimization system
operation is expected to achieve significant energy saving.
With the increasing demands for industrial gases,

traditional small-scale ASUs cannot easily meet the
requirements of industries. The size of each device in
ASUs must be increased to obtain the optimal efficiency of
large-scale ASUs, and thousands of technical parameters
need to be integrated into adsorption, heat transfer, and
distillation processes. On the basis of our previous work
[14–17], we develop a lumped parameter model (LPM)
method to achieve accurate and fast performance design of
large-scale ASUs.

2 Air separation process of large-scale
cryogenic ASUs

Cryogenic ASUs involve two main processes, namely,
external (Fig. 1) and internal (Fig. 2) compression. The
main difference between them is that the liquid oxygen
pump (Label 13 in Fig. 2) between the main plate-fin heat
exchangers (PFHEs) (Label 12 in Fig. 2) and the main
condenser evaporator (Label 15 in Fig. 2) is further
pressurized for internal compression. Compared with the
external compression process, the internal compression
process has better safety, higher liquid gas output, smaller
floor space, and easier maintenance; however, the cost is
also high. The internal compression process is the optimal
choice for large-scale ASUs, and the process flow is more
complicated than that of external compression.
ASUs have many kinds of refrigeration cycles, but most

of them are based on Linde and Claude cycles [18]. The
Linde cycle involves throttling expansion refrigeration.
The Claude cycle still involves throttling expansion, and a
part of the gas undergoes isentropic expansion in the turbo
expander (TE) (Label 11 in Fig. 1). When the gas is
subjected to isentropic expansion, the temperature drop is
larger than that during throttling expansion. Part of the
compression work can be recovered in isentropic expan-
sion; thus, it is more economical than throttling expansion.
Therefore, the expansion process is increasingly used to
generate cold energy with high energy efficiency.
As shown in Fig. 1, a cryogenic ASU mainly consists of

an air compressor (AC), a molecular sieve adsorber (MSA)
(Label 8 in Fig. 1), a TE (Label 11 in Fig. 1), PFHEs (Label
12 in Fig. 1) and a packing column (PC) (lower and upper
columns (LC and UC), Labels 13 and 15 in Fig. 1).
Atmospheric air (Label 1 in Fig. 1) passes through AC
(Label 3 in Fig. 1) and the air-cooling column (Label 5 in
Fig. 1) then enters MSA to remove impurities. After
adsorption, the atmospheric air becomes high-pressure air
(HPA). HPA diverges into two streams, namely, main air
(MA) and turbo expander air (TA). After being treated by
the main PFHEs, MA and TA enter the LC. Air separation
primarily occurs in two PCs, which are high-pressure LC
(Label 13 in Fig. 1) and low-pressure UC (Label 15 in Fig.
1); the main condenser evaporator (Label 14 in Fig. 1) is in
the middle. Gaseous oxygen (GOX), liquid oxygen (LOX),
gaseous nitrogen (GAN), liquid nitrogen (LIN), and
gaseous argon (GAR) are the five products generated by
condensation and evaporation in the PCs. These streams are
sent to the LC after being cooled and fed to the UC for
further distillation and production of GAN at the top and
LOX at the bottom. Most of LOX is withdrawn as a final
product, and the remainder is pumped and vaporized into
GOX [7]. Crude nitrogen is extracted from the main PFHEs
as a reflux to improve the cooling capacity. GAR can be
obtained by condensation and evaporation using the crude
argon columns (Labels 17 and 19 in Fig. 1) and pure argon
column (Label 22 in Fig. 1).
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Fig. 2 Typical internal compression cryogenic air separation process.

Fig. 1 Typical external compression cryogenic air separation process.
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As indicated in Figs. 1 and 2, the feedstock of ASUs
includes various flowing streams, which can be air, water,
cold streams, and hot streams. The compressor unit adopts
AC and a supercharger, and the power originates from the
steam turbine to improve the efficiency of ASU and
achieve feedstock conservation. The steam turbine is a dual
output shaft. One end directly drives the AC, and the other
end drives the supercharger via the gearbox. This form of
work is called “one drives two.” This method can
effectively utilize waste steam to drive the steam turbine
and achieve feedstock conservation. It is meaningful for
industries with massive waste heat.

3 LPM for large-scale cryogenic ASUs

3.1 Design challenges in large-scale cryogenic ASUs

In the flowing domains of large-scale cryogenic ASUs,
with the increase in flow rate, a slight deviation in the
predicted properties of fluid causes a significant error. For
large-scale cryogenic ASUs, pressure and temperature may
cause a supercritical status. A supercritical fluid (SCF) is
any substance at a temperature and pressure above its
critical point, where distinct liquid and gas phases do not
exist. When approaching the critical point, a slight change
in pressure or temperature leads to a massive change in the
physical properties of SCFs. Although the physical
properties and applications of SCFs in supercritical
technology differ, the physical properties of the key areas
are similar.
Large-scale ASUs bring many problems, including high

temperature and high pressure, inside different devices,
such as AC, TE, and main PFHEs. This condition poses a
great challenge to the prediction of fluid physical proper-
ties in ASUs. For example, in the main PFHEs, most of the
cold and hot fluids are above the critical point, and accurate
prediction of their working parameters has an important
influence on the heat exchange performance of the heat
exchanger. SCF properties in the design of PFHEs are
becoming increasingly popular and considerably affect the
performance of PFHEs. These properties provide an
important reference for reducing exergy destruction and
lead to effective heat utilization, especially at low-
temperature-level waste heat [19]. Many studies have
been conducted on supercritical problems. Son and Park
[20] developed a new correlation for predicting the heat
transfer coefficient of supercritical CO2 in the process of
tube cooling. Lisboa et al. [21] used three models (standard
k–ε, re-normalization group k–ε, and k–ω) to model the
flow and heat transfer of SCF under high pressure.
Negoescu et al. [22] studied the heat transfer behavior of
supercritical nitrogen to achieve the ultimate goal of
cryogenic process optimization design. With the increase
in heat flux, the heat transfer process changes from normal

mode to deteriorating mode. Avili et al. [23] investigated
the effect of liquid redistribution on wall flow reduction in
the PCs of cryogenic distillation. The liquid redistributor is
associated with the characteristics of SCFs. When the
diameter of the packed column is less than 0.05 m, the
liquid should be redistributed with a smaller spacing than
that in a large packed column. Raman et al. [24] believed
that the supercritical state can be divided into regions with
similar liquid and vapor properties by a widow line. They
determined the widow line of oxygen consisting of the
second residue of the thermodynamic response function in
the supercritical region by atomic theory. Therefore, this
study proposes a method based on Takagi–Sugeno (T–S)
fuzzy interval detection to calculate working parameters.
Many physical property calculation methods are based on
Helmholtz energy equations [25] and the Grüneisen
parameter test method [26], which can qualitatively predict
the special trend of thermal properties.

3.2 T–S fuzzy interval detection to judge the critical point
of ASU

The key to the design for variable working conditions is to
determine whether the critical point is detected or not. Saha
and Sandilya [27] proposed a dynamic LPM of an injection
cooling system for liquid subcooling. Liu and Xu [28]
studied a neuron proportional–integral–derivative (PID)
controller that can adjust parameters according to the
changes in the controlled object and input reference signal.
The results showed that the proposed PID controller has
high control precision. To determine whether the state is in
a normal working condition or not, T–S fuzzy interval
detection is used to predict working parameters. The main
idea is to obtain function approximation from a set of finite
measurement data by using the optimality criterion to
minimize the estimation error.
The traditional method for the variable working

condition design of ASUs using a predefined uniform
threshold cannot detect the critical operating condition
adaptively. Therefore, T–S fuzzy interval detection is
recursively used to judge whether the critical point is
detected or not by using different thresholds.
For ASUs under normal working conditions, n known

states Sk ¼ fSð1Þk ,  Sð2Þk ,  :::,  SðnÞk g exist. A typical fuzzy
model is given as [29]

if   x1  is  S
ð1Þ
k ,  x2  is  S

ð2Þ
k , :::, and   xn  is  S

ðnÞ
k ,

then yi ¼ fiðxÞ,  i ¼ 1,  2,  :::,  n, (1)

where xT ¼ ½x1,  x2,  :::,  xn� denotes the input or variables in
the premise, yi is the output of the model, and Sk is the
known state.
With each variable in premise xi, fi fuzzy sets

(Sð1Þk ,  Sð2Þk ,  :::,  SðnÞk ) are connected, and each fuzzy set SðiÞk
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is associated with a real valued function giðxiÞ that
produces the membership grade of xi with respect to the

fuzzy set SðiÞk [30]. The fuzzy membership function giðxiÞ
of the ith judgement can be obtained with Eq. (2):

giðxiÞ ¼
1

1þ xi – ci
ai

����
����
2bi
, i ¼ 1,  2,  :::,  n, (2)

where ai, bi, and ci are the parameter sets of the shape-
changing degree of the membership function, ai, bi, and
ci 2 ½0, 1�, and giðxiÞ 2 ð0, 1�.
The final output yf of the T–S fuzzy model can be

written as Eq. (3):

yf ðxÞ ¼
Xn
i¼1

giðxiÞfiðxÞ, (3)

where
Pn

i¼1

giðxiÞ ¼ 1.

For n-dimension known data, the fuzzy approximation
error li of the ith judgement is proposed to minimize the
error sequence:

l¼ minfl1,  l2,  :::,  lng, (4)

where li ¼ yi – yf ðxiÞ, i ¼ 1,  2,  :::,  n.
Equation (4) can be further converted into an optimiza-

tion model with a minimum two-norm solution and solved
by linear programming.
Its algorithm flow is shown in Fig. 3.

4 LPM of the adsorption process

The adsorption process consists of two main devices: The
AC that is used to compress air and provide flowing power
and the MSA that is used to remove impurities in the
compressed air. For AC, the large size of ASU and the total
amount of compressed air per unit time increase, which is a
challenge to the structure design and service life of AC. For
MSA, it can be formally divided into horizontal and
vertical radial types. Compared with horizontal MSA,
vertical radial MSA covers a smaller area and is widely
used, and it is easy to maintain in the future. LPMs of AC
and MSA are established for variable working conditions.

4.1 LPM of AC for variable working conditions

The main power source of the compressor is electric energy,
which accounts for a large part of the power consumption in

Fig. 3 T–S fuzzy interval detection to judge the critical point of ASU.

28 Front. Mech. Eng. 2020, 15(1): 24–42



ASU. AC is the power source dynamic equipment in ASU.
According to the classification of the compressor structure, it
can be divided into centrifugal and axial flow compressors.
An “axial-centrifugal compressor” is used with a large inlet
flow rate, high efficiency, wide working range, and high
reliability. The first section adopts an axial flow compressor,
which has the characteristics of large flow rate, short air flow,
and small resistance loss; the second section adopts a
centrifugal compressor, which has the characteristics of high
pressure, high efficiency, and smooth operation.
To meet variable working conditions, the AC should be

precisely controlled for avoiding surge and stonewall
[31,32]. Torrisi et al. [33] used a model predictive control
technique to address process and anti-surge control and
achieve the desired pressure ratio and surge distance for
industrial centrifugal compression systems with nonlinear
dynamics. Gravdahl et al. [34] used the drive itself for
surge control. Doing so eliminates the need for additional
actuators and has the potential to achieve energy-efficient
operation. Boinov et al. [35] presented a method for active
surge suppression of a centrifugal compressor by means of
the speed control of the electrical drive. If the internal
pressure of the AC is about 110%–120% of the design
pressure, a surge phenomenon will arise; meanwhile, about
60% of the design pressure will cause a stonewall
phenomenon. The pressure flow characteristic curve can
be obtained through a surge test under different conditions

(i.e., low, medium, and high flows). The surge point, surge
boundary line, or surge area can be determined according
to the characteristic curve to avoid the surge phenomenon.
To meet the requirements of large flow rate, high

pressure ratio, and high efficiency, a 100000 Nm3 O2/h
large-scale ASU compression unit is designed to adopt an
“axial–centrifugal” coaxial structure. The AC unit uses the
“one drives two” process via intelligent interlock control.
Figure 4(a) shows an AC, Fig. 4(b) shows a digital mockup
(DMU) of the AC, Fig. 4(c) shows the CFD simulation of
the work flow in the AC, and Fig. 4(d) presents the air
temperature change in the AC.
The LPM of AC is as follows. The large-scale ASU

requires a high air mass flow rate and has high
requirements on AC efficiency. The compressor’s isen-
tropic efficiency ηAC is the ratio of the isentropic power of
the compressor to the actual power required to compress
the working medium. It can be determined by Eqs. (5)–(7).
The working parameters, such as Cp, Ti, and To, can be
obtained with the T–S model.

ηAC ¼ _mairðho – hiÞ=Ps, (5)

where ηAC is the isentropic efficiency of the compressor, _mair
is the mass flow rate of atmospheric air (unit: kg/s), ho is the
total specific enthalpy of the isentropic process at the outlet
of the compressor (unit: J/kg), hi is the total specific enthalpy
of the isentropic process at the inlet of the compressor (unit:

Fig. 4 AC. (a) AC in a factory; (b) digital mockup of the AC; (c) CFD simulation of the work flow in the AC; (d) air temperature change
in the AC.
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J/kg), and Ps is the shaft power of AC (unit: kW).

hi ¼ CpTi, (6)

ho ¼ CpTo, (7)

where Ti is the inlet temperature of the compressor
(unit: K) and To is the outlet temperature of the compressor
(unit: K).
As shown in Figs. 1 and 2, after passing through the AC,

the air changes into high-pressure gas and enters MSA.
The pressure of the high-pressure air depends on the
compression ratio of the compressor.

PMSA,i ¼ PAC,o ¼ PAC,iγ, (8)

where PMSA,i is the inlet pressure of the fluid at MSA
(unit: MPa), PAC,o is the outlet pressure of the fluid at AC
(unit: MPa), PAC,i is the inlet pressure of the fluid at AC
(unit: MPa), and γ is the compression ratio of AC,
γ 2 ½1,þ1Þ.

4.2 LPM of MSA for variable working conditions

The air purification system is crucial for air purification
and pretreatment in large-scale cryogenic ASUs. The
energy consumption of an air purification system accounts
for about 16% of the total energy consumption of an ASU.
This system is used to clean water, carbon dioxide, and
hydrocarbon CxHy (acetylene, etc.) in air to prevent low-
temperature equipment from blocking or even exploding
and ensure the long-term safety and reliability of the ASU
[36]. The main adsorbents are zeolite, alumina, silica gel,
and molecular sieve.
MSA can be divided into three types according to

different flow forms, which are vertical axial, horizontal
bed, and vertical radial flows. Vertical axial flow MSA is
mainly used in small-scale ASUs (below 20000
Nm3 O2/h). Horizontal bed MSA is primarily utilized in
medium-scale ASUs (between 20000 and 45000
Nm3 O2/h). Vertical radial flow MSA is mainly adopted in
large-scale ASUs (above 45000 Nm3 O2/h). A vertical

radial flow MSA generally occupies a small floor space.
The flow resistance through the adsorbent is decreased,
and the airflow is easier to distribute. An air purification
system has two large vertical radial flow MSAs. One
is for adsorption, and another is for regeneration. When the
one for adsorption is saturated, the regeneration absorber is
switched to work alternately and periodically. The
regeneration process removes impurities in the sorbent to
restore the absorbability of the adsorbent. It can have a
long duration, automatic adsorption cycle switching, and
no impact switching control technology. Figure 5(a) shows
two vertical radial flow MSAs; and Fig. 5(b) shows the
simulation process of MSAs.
The relationship between the resistance of vertical radial

flow MSA and fluid mass flow rate is established based on
the following simplifying assumptions:
(1) Assuming that the air is incompressible, the air

density inside the MSA is constant.
(2) Assuming that the air mass flow rate is constant in

the internal flow of MSA, the amount of air adsorbed is
ignored.
(3) Assuming that the adsorbent is a homogeneous

continuous medium, the physical parameters and adsorp-
tion capacity do not vary with temperature and pressure.
(4) Assuming that no concentration and temperature

gradients exist in MSA, the pressure loss only exists in the
direction of airflow.
The LPM of MSA is as follows. The main factor for

evaluating the performance of MSA is the pressure drop of
molecular sieves. The pressure drop of MSA can be
calculated with Eqs. (9)–(12). It is mainly related to the
mass flow rate, density, and dynamic viscosity of fluids.
These parameters can be calculated by LPM. The air from
MSA enters the main PFHEs and TE. In this process, the
pressure of the fluid is essential. The outlet pressure of the
fluid at MSA can be obtained with Eq. (9):

PMSA,o ¼ PMSA,i –ΔPMSA, (9)

where PMSA,o is the outlet pressure of the fluid at MSA
(unit: MPa) and ΔPMSA is the pressure drop of MSA
(unit: MPa).

Fig. 5 MSA. (a) Two vertical radial flow MSAs; (b) simulation process of MSAs.
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The mathematical expression of the pressure drop of
MSA can be obtained as

ΔPMSA=H ¼ k1u�ð1 – εÞ2=ε2

þ k2�u
2ð1 – εÞ=ðdε3Þ, (10)

where H is the height of MSA (unit: m), k1 and k2 are
constants, � is dynamic viscosity (unit: Pa$s), ε is porosity,
d is the bore diameter (unit: m), and � is the fluid density
(unit: kg/m3).

_mair ¼ �uAf , (11)

where _m is the fluid mass flow rate (unit: kg/s), Af is the
total area of the void hole through which the fluid flows
(unit: m2), and u is the fluid flow speed (unit: m/s).
According to Eq. (11), Eq. (10) can be rewritten as

follows:

ΔPMSA ¼ _mairk1�ð1 – εÞ2=ð�Afε2Þ

þ _m2
airk2ð1 – εÞ=ð�dA2

f ε3Þ: (12)

Equation (12) indicates that ΔPMSA is positively related
to _m. As _m increases, ΔPMSA increases faster, and PMSA,o

decreases.

5 LPM of the heat transfer process

The heat transfer process consists of two main devices: TE
and PFHEs. The TE is used to generate cold energy for the
ASU, and PFHEs are devices for the heat exchange of cold
and hot fluids. Multi-stream PFHEs have thousands of
passage arrangements; thus, identifying an optimal
arrangement is difficult. The heat transfer efficiency of
PFHEs is another challenge for large-scale ASUs. The
adaptability of TE to variable working conditions is
important.

5.1 LPM of TE for variable working conditions

TE is an important equipment to generate cold energy and
ensure the stable operation of cryogenic ASUs [37]. The
refrigerating capacity of TE pertains to the external work
during the expansion process, which is equal to the change
in enthalpy of the fluid in the expansion process. The
enthalpy drop increases correspondingly with the increase
in expansion ratio, leading to the reduction of isentropic
efficiency and waste of resources. Hence, TE design has
strict requirements. With continuous technological devel-
opment, the holdup of liquid in the expander increases
gradually, and full-liquid TE is expected to be a developing
trend in the future. Wang et al. [38] developed a cryogenic
liquid turbine expander as a replacement for traditional
Joule–Thomson valves used in cryogenic systems for

energy saving. Yan et al. [39] studied a novel expander for
organic Rankine cycle (i.e., variable expansion ratio rotary
blade expander) that can adjust the expansion ratio by
adjusting the opening angle of the outlet according to
variable working conditions.
TE is made up of an expander and a supercharger. As

shown in Fig. 6, the volume flow rate of the expander is
greater than that of the supercharger. Given that they have
the same rotation angular velocity, the impeller diameter of
the former is larger than that of the latter. Figures 6(a) and
6(b) show the experiment on TE; Fig. 6(c) shows a TE
structure. The left part is the expansion end, and the right
part is the supercharging end; and Fig. 6(d) shows a
simulated expansion process of TE.
The LPM of TE is as follows. The enthalpy drop of

external power in TE is called the refrigerating capacity of
the expander. Isentropic efficiency ηs can be defined as the
ratio of actual specific enthalpy drop Δhact to isentropic
specific enthalpy drop Δhs for the same inlet state and exit
pressure.

ηTE ¼ Δhact=Δhs, (13)

where ηTE is the isentropic efficiency of the TE, Δhact is the
actual specific enthalpy drops of the TE (unit: kJ/kg), and
Δhs is the theoretical specific enthalpy drops of the turbo
expansion (unit: kJ/kg).

Δhact ¼ hin – hout, (14)

Δhs ¼ hin – hout,s, (15)

where hin is the inlet specific enthalpy (unit: kJ/kg), hout is
the outlet specific enthalpy (unit: kJ/kg), and hout,s is the
theoretical outlet specific enthalpy (unit: kJ/kg).
For TE in the ASU refrigeration system, the actual

refrigerating capacity (cooling power or cooling load) is
more important than other features. The equation for the
actual cooling capacity _Qact of the TE is as follows:

_Qact ¼ _mΔhact ¼ _mηTEΔhs, (16)

where _Qact is the actual cooling capacity of the TE (unit:
kW).

5.2 LPM of main PFHEs for variable working conditions

PFHE is the key equipment to realize heat exchange in
condensation, liquefaction, and evaporation in cryogenic
ASUs. The size of PFHEs increases with the increase in
heat transfer load. This condition leads to an increase in the
temperature difference between the cold and hot ends of
PFHEs. The design of multi-stream PFHEs is complicated
because of the different fin shapes, header structures, and
passage arrangements [15], as shown in Fig. 7. The
nonuniformity of the flow of multi-stream affects the heat
transfer efficiency of PFHEs. Heat transfer enhancement
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generally increases flow resistance. Improving the heat
transfer efficiency of PFHEs is the essential challenge in
large-scale cryogenic ASUs.
Unsteady heat transfer has remarkable characteristics of

small temperature difference, more than two streams, low
allowable resistance, and drastic change in the physical
properties of the multi-stream. Heat balance equations are
set up in the direction of longitudinal and lateral heat
transfer to realize high efficiency. On the basis of multiple
dynamic equilibria, the temperature difference of the hot
end is reduced from 4 to 2 K, and the total heat transfer
coefficient is increased from 1958 to 2879 W/(m2$°C). The
allowable design pressure is increased from 7.5 to 8.2
MPa.
The LPM of the main PFHEs is as follows. Heat transfer

rate _Q, heat transfer efficiency ψ, and pressure drop
ΔPPFHEs are the main factors affecting the performance of
PFHEs and can be obtained with Eqs. (17)–(20).
(1) Heat transfer rate

_Q ¼ UA0ΔTm, (17)

where _Q is the heat transfer rate (unit: kW),U is the overall
heat transfer coefficient (unit: W/(m2∙K–1)), A0 is the total
heat transfer surface area (unit: m2), and ΔTm is the mean
temperature difference between streams (unit: K).
PFHEs have different flow patterns, such as counterflow,

cross flow, cross-counterflow and co-current flow. Differ-
ent flow patterns correspond to different ΔTm, with
counterflow as an example.

ΔTm ¼ ½ðTh,i – Tc,oÞ – ðTh,o – Tc,iÞ�

=ln½ðTh,i – Tc,oÞ=ðTh,o – Tc,iÞ�, (18)

where Th,i is the hot flow inlet temperature (unit: K), Th,o is
the hot flow outlet temperature (unit: K), Tc,o is the cold
flow outlet temperature (unit: K), and Tc,i is the cold flow
inlet temperature (unit: K).
(2) Heat transfer efficiency
Many formulas can be used to calculate the heat transfer

efficiency of PFHEs. In this work, the calculation is based
on the refrigerating capacity of the expander and the heat
transfer rate of PFHEs.

Fig. 6 TE. Experiment on TE: (a) Expansive end and (b) supercharging end. (c) TE structure. The left part is the expansive end, and the
right part is the supercharging end. (d) Simulated flow process of TE.
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ψ ¼ _Q= _Qact, (19)

where ψ is the heat transfer efficiency.
(3) Pressure drop
By considering only the pressure drop caused by

friction, it can be expressed as follows:

ΔPPFHEs ¼ 2fL _m2=ðDe�Þ, (20)

where ΔPPFHEs is the pressure drop of PFHEs (unit: MPa),
f is the friction factor, L is the heat exchanger length in Z
direction (unit: m), and De is the equivalent diameter of the
flowing passage (unit: m).
An operating flexibility increasing model is proposed

based on the LPMs of TE and PFHEs. The temperature of
the fluid diverted from the intermediate header is relatively
high, whereas the temperature from the end header is low.
The flexible operation can adjust not only the temperature
of TE but also the working condition of the main PFHEs.
The operation process can be divided into three stages to
meet variable working conditions and increase operating
flexibility:
(1) In the start-up stage, the _m from end headers should

be maximized to reduce the Ti of TE, and the _m from
intermediate headers should be minimized.
(2) When the critical point is reached, the Ti of TE is

cold enough (about 164 K). At this time, the _m from end
headers should be reduced gradually, whereas the _m from
intermediate headers should be increased gradually.
(3) When the normal stable operating state is reached,

the _m from end headers should be minimized to maintain

the Ti of TE, and the _m from intermediate headers should
be maximized.

6 LPM of the distillation process

The distillation process consists of two PCs (lower and
upper columns). Distillation is the ultimate part of the air
separation process. Separation of air occurs in the
distillation process, and air is separated according to the
boiling point of its different components. The design
challenges of current PCs are low specific surface area and
difficulty in achieving high flux. Predicting the liquid
flooding of gas–liquid phases is also difficult.

6.1 LPM of PCs for variable working conditions

Distillation columns are the ultimate units used for
separating air components in ASUs, and they are
responsible for a large part of the total ASU inefficiency
[40]. A distillation column mainly includes upper, lower,
crude argon, and pure argon columns. The early form of
the rectification column is the sieve tray column, which is
simple and has low operating elasticity. To improve the
energy efficiency of the continuous distillation process, the
packed column gradually replaced the sieve tray column
[41]. Under the same theoretical conditions, the resistance
of the structured PC is about 10% of that of the sieve plate
column due to the small resistance of the former. The
advantage of reduced resistance lies in the fact that it can

Fig. 7 Vertical brazed aluminum PFHE. (a) Overall structure of the PFHE; (b) a layer of passage.

Jinghua XU et al. Variable working condition design for a cryogenic air separation unit using LPM 33



be more energy saving. The operating load is affected by
the sieve tray column liquid leakage and flooding velocity,
whereas PC is influenced only by flooding velocity. PCs
with high flux structured packing can be designed.
In the 100000 Nm3 O2/h large-scale ASU, the primary

difficulty in the control of PCs stems from their nonlinear
behavior, especially of columns producing high-purity
gases [42]. The feedstock inside PCs are modeled and
simulated to determine the flow state of the air inside by
using DMU and CFD. Figure 8(a) presents a cold box that
has distillation columns inside; Fig. 8(b) presents the CFD
simulation process of the upper column; Fig. 8(c) presents
a gas–liquid distributor; and Fig. 8(d) presents the flow
state of the air in the PC.
The LPM of PC is as follows. With large-scale ASU

development, PC design has become an important and
complex process. Air separation occurs in the distillation
column, and many mixtures are contained in it. The
pressure drop of the distillation column is an important
factor that affects distillation efficiency [43], and it can be

calculated with Eqs. (21)–(29). The larger the pressure
drop is, the more disadvantageous it is to air separation.

rPirr ¼ rPd½ð1 – hl=εÞ=ð1 – εÞ�ð2þCÞ=3=ð1 – hl=εÞ4:65,
(21)

where

rPd ¼ 0:75f0 ð1 – εÞ=ε4:65� �
�gu

2
g=dp, (22)

hl ¼ h0 1þ 20
�
rPirr=ðZ�lgÞ

�2
� �

, (23)

h0 ¼ 0:555Fr1=3L , (24)

Frl ¼ u2l αp=ðgε4:65Þ, (25)

f0 ¼ C1=Reg þ C2=ðRe0:5g Þ þ C3, (26)

Fig. 8 Feedstock inside PCs. (a) Cold box; (b) CFD simulation process of the upper column; (c) gas–liquid distributor; (d) flow state of
the air in PC.
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Reg ¼ ½6ð1 – εÞ=αp�ug�g=�g, (27)

C ¼
�
–C1=Reg –C2=ð2Re0:5g Þ

�
=f0, (28)

αp ¼ 6ð1 – εÞ=dp, (29)

where rPirr is the pressure drop through an irrigated bed
(unit: MPa), rPd is the pressure drop through an
unirrigated (dry) bed (unit: MPa), C1, C2, and C3 are
constants, �l is liquid phase density (unit: kg/m3), �g is gas
phase density (unit: kg/m3), hl is the liquid holdup of the
PC, h0 is the liquid holdup below the loading point, f0 is the
friction factor for flow past a single particle, g is
gravitational acceleration (unit: m/s2), Frl is the Froude
number for liquid, Reg is the Reynolds number for gas, Z is
the total height of packing (unit: m), dp is the particle
diameter (m), αp is the specific surface area of packing
(unit: m2/g), ug is actual gas flow velocity (unit: m/s), and
ul is liquid flow velocity (unit: m/s).
Flooding refers to the accumulation of the liquid phase

in the distillation column for various reasons, and it
significantly reduces the efficiency of PC. The flooding
point is crucial for PC dimensioning. In PC design, the
packing factor of flooding point Ff must be determined,
which can be obtained with Eq. (31). Flooding velocity uf
can be calculated with Eq. (32).

ug ¼ 4Vs=ðπD2Þ, (30)

Ff ¼ ug�
0:5
g , (31)

uf ¼ Ffug, (32)

where Vs is the volume flow rate of fluid under working
conditions (unit: m3/s), D is the diameter of PC (unit: m),
Ff is the packing factor of the flooding point (unit:
m∙s–1$(kg∙m–3)0.5), and uf is the flooding velocity (unit:
m/s).
The degree ω of variable working condition of PC in

ASU can be measured by percentage of gas when flooding
point occurs with a certain liquid spray density.

6.2 Liquid holdup of PC for variable working conditions

Fluid flow in PC has been widely studied. Bradtmöller
et al. [44] used X-ray computer tomography and light-
induced fluorescence to investigate the morphology of
liquid flow inside a structured PC and studied the effect of
the variation in viscosity and liquid load. Kiss and Olujić
[45] reviewed the development of heat exchange enhance-
ment technology in rectifying columns. Chang et al. [46]
proposed a structure of a full-tower ideal internal thermally
coupled air separation column and presented a rigorous
mathematic model and parameter analysis. The model has

a strong driving force of heat transfer and large energy-
saving potential.
The liquid holdup hl of PC refers to the volume of liquid

held by the surface and void of the packing layer per unit
volume under given operating conditions. Liquid holdup
can be divided into dynamic liquid holdup hd and static
liquid holdup hs. hd is the main component of total hl. Its
value is related not only to filler type, size, material, and
liquid characteristics but also to liquid spray density. A
comparison of fluid holdup between ω= 75% and ω=
105% load of PCs obtained by computed tomography is
shown in Fig. 9.

7 Design and experimental results of a
large-scale cryogenic ASU using the LPM
method

7.1 Comparison of experimental and theoretical physical
properties of SCFs

The working properties in the stable state can be obtained
according to the proposed method, and doing so is
important to the design of ASUs. First, the physical
properties of several special conditions were measured
with the experimental method and compared with
theoretical working parameters. Figure 10 presents an
SCF experimental platform that can obtain the physical
properties of SCFs via the combination of experimental
and theoretical analyses.
Oxygen, nitrogen, and argon in air have a specific

liquefaction temperature at a low-pressure state. The
liquefaction temperature increases with the increase in

Fig. 9 Comparison of hl between ω = 75% and ω = 105% PCs.
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pressure until the pressure reaches the critical point.
Oxygen, nitrogen, and argon are not liquefied again.
Comparisons of experimental and theoretical critical
physical properties of various components in ASUs are
provided in Table 1. The difference between experimental
and theoretical results is small, and the maximum relative
error is 3.00%, which can be further reduced.

7.2 Complete cryogenic design for large-scale ASU using
LPM

The challenges caused by the enlargement of cryogenic
ASUs are considered, and the LPM method is used to
optimize large-scale ASUs. The performance of AC, MSA,
main PFHEs, and PC is obviously improved, as shown in
Figs. 11 and 12.
Figure 11(a) presents the relationship between AC

efficiency ηAC and atmosphere air mass flow rate _mair. The
theoretical curve can be exactly approximated using
“rough first then precise” strategy by recursively reducing
the interval ranges. With the increase in _mair, ηAC increases
gradually then decreases rapidly. The maximum initial
value of ηAC is 86.72% when _mair is 188.86 kg/s. Under
various working conditions, the mean initial value of ηAC

is 71.98%. After the recursive optimization of the design,
the mean efficiency is significantly improved with a ratio
of 7%. The maximum optimized value of ηAC is 89.16%
when _mair is 171.7 kg/s, and the mean optimized value of
ηAC is 77.06%.
Figure 11(b) presents the relationship between the

pressure drop of MSA ΔPMSA and atmospheric air mass
flow rate _mair. As indicated in Fig. 11(a), with the increase
in _mair, ΔPMSA continues to increase. Under various
working conditions, the mean initial value of ΔPMSA is
9.5975 kPa. After the recursive optimization of the design,
ΔPMSA becomes smaller than before with a ratio of 10.7%.
The mean optimized value of ΔPMSA is 8.5737 kPa.
Figure 12(a) presents the relationship between the main

PFHEs’ efficiency ηPFHEs and gaseous oxygen mass flow
rate _mO2

. As shown in Fig. 12(b), with the increase in _mO2
,

ηPFHEs increases gradually then decreases. The maximum
initial value of ηPFHEs is 95.55% when _mO2

is 15.31 kg/s.
Under various working conditions, the mean initial value
of ηPFHEs is 86.78%. After the recursive optimization of the
design, the mean efficiency is improved with a ratio of
1.9%. The maximum optimized value of ηPFHEs is 96.64%
when _mO2

is 15.35 kg/s, and the mean optimized value of
ηPFHEs is 88.40%.

Fig. 10 SCF experimental platforms for measuring physical properties. (a) Cryogenic fluid; (b) oscilloscope.

Table 1 Comparisons of experimental and theoretical critical physical properties of various components in ASU

Components Status Tc /K Pc /MPa �c /(kg$m
–3) Cp /(kJ$kg

–1$K–1) � /(Pa$s) � /(m2∙s–1)

Nitrogen (N2) Theoretical 126.19 3.3958 313.30 1.1239 5.4400�10–6 1.7363�10–8

Experimental 125.32 3.4720 315.60 1.1527 5.3500�10–6 1.7154�10–8

Oxygen (O2) Theoretical 154.58 5.0430 436.16 1.6994 5.4437�10–6 1.2481�10–8

Experimental 155.82 5.1020 437.36 1.7503 5.3639�10–6 1.2583�10–8

Argon (Ar) Theoretical 150.69 4.8630 535.60 0.5658 7.1618�10–6 1.3372�10–8

Experimental 150.31 4.9240 536.80 0.5762 7.1527�10–6 1.3518�10–8

Note: � is the kinematic viscosity; Cp is the specific heat capacity at constant pressure; � is the dynamic viscosity; T is the temperature; P is the pressure; � is the density;
and the subscript “c” means critical.
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Figure 12(b) presents the relationship between the
pressure drop of PC ΔPPC and the packing factor of
flooding point F. Figure 12(a) shows that with the increase
in Ff , ΔPPC continues to increase. Under various working
conditions, the maximum initial value of ΔPPC is 1.6693
kPa/m. After the recursive optimization of the design, the
maximum ΔPPC is decreased with a ratio of 11.4%. The
maximum optimized value of ΔPPC is 1.4782 kPa/m.

7.3 Experimental results using LPM

The LPM method is applied to the overall design of large-
scale cryogenic ASUs and achieves remarkable results.
The main oxygen products (in normal state) and
parameters of the 100000 Nm3 O2/h large-scale ASU are
listed in Table 2. The conditions of the ASU are as follows.
The scale of the ASU is 100000 Nm3/h, and the normal air
intake is 507500 Nm3/h. The operating conditions of large-

scale cryogenic ASUs are complex and can be classified
into multiple statuses, namely, low-load, normal-load, and
overload conditions. The operating conditions can vary
within 75% to 105% of normal conditions. The calculation
error of the physical properties can be within 0.5%, the
deviation of the flow resistance inhomogeneity at the large
scale is below 1%, and the oxygen extraction rate of the
structured PC is 99.9%. The purity of oxygen is 99.6% O2,
and the purity of nitrogen is 10 ppm O2.
The 100000 Nm3 O2/h large-scale ASU produces

qualified oxygen and nitrogen products successfully. It
adopts internal compression and high automation technol-
ogy, structured PC, and total rectification hydrogen-free
argon production. A comparison of the results before and
after using LPM in the 100000 Nm3 O2/h large-scale ASU
is presented in Table 3. According to the challenge of the
large-scale ASU, the corresponding overcoming approa-
ches considerably improve the efficiency of the entire unit.

Fig. 11 (a) AC efficiency; (b) pressure drop of MSA.

Fig. 12 (a) Main PFHEs’ efficiency; (b) pressure drop of PC.
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The total ASU net power consumption per unit of oxygen
production is decreased from 0.523 to 0.49 kW/(Nm3 O2)
with an optimal ratio of 6.45%.

8 Conclusions

(1) LPM method for large-scale ASUs
A cryogenic design method based on LPM for large-

scale ASUs under a continuous process is proposed. The
continuous process is decomposed top–down into adsorp-
tion, heat transfer, and distillation processes. The piece-

wise-lumped parameters are extracted under variable
working conditions using LPM on the basis of the material
and energy flows within the continuous process. The LPM
method can address the difficulty of correlating and
coupling thousands of technical parameters in ASU.
(2) “Rough first then precise”modeling using T–S fuzzy

interval detection
To improve the accuracy of the parameters extracted

using LPM, a “rough first then precise” modeling method
is proposed by expanding the feasible domain using fuzzy
intervals. T–S fuzzy interval detection is recursively
employed to approximate each stable state by using an

Table 2 Products and parameters of 100000 Nm3 O2/h large-scale ASU

Products and parameters
Minimum working
condition/(Nm3∙h–1)

Designed working
condition/(Nm3∙h–1)

Maximum working
condition/(Nm3∙h–1)

Purity/ppm Outlet pressure/MPa

High-pressure oxygen 75375 100500 106550 ³9:96� 105 O2 5.9

High-pressure nitrogen 6850 6850 9250 £10 O2 7.0

Low-pressure nitrogen 69500 69500 78500 £10 O2 1.0

LOX 2500 1500 0 ³9:96� 105 O2 –

LIN 2500 1000 0 £10 O2 –

Note: 1 ppm = 0.0001%= 1e–6.

Table 3 Comparison of results before and after using LPM in the 100000 Nm3 O2/h large-scale ASU

Processes Units Status
Performance
parameters

Performance before
using LPM

Performance after
using LPM

Ratio

Adsorption process AC Axial flow type Shaft power Ps = 26138 kW Ps = 27561 kW 5.44%

Isentropic efficiency ηAC = 82.6% ηAC = 89.6% 8.47%

Centrifugal type Shaft power Ps = 12894 kW Ps = 13195 kW 2.33%

Isentropic efficiency ηAC = 84.3% ηAC = 87.6% 3.91%

MSA Adsorption Adsorption pressure
drop

ΔPMSA = 7.26 kPa ΔPMSA = 6.79 kPa –6.47%

Regeneration Regeneration pressure
drop

ΔPMSA = 7.13 kPa ΔPMSA = 6.74 kPa –5.47%

Maximum Maximum pressure
drop

ΔPMSA = 14.39 kPa ΔPMSA = 13.53 kPa –5.98%

Heat transfer process TE Expansive end Isentropic efficiency ηTE = 86% ηTE = 89% 3.49%

Supercharging end Isentropic efficiency ηTE = 81% ηTE = 82% 1.23%

PFHEs Whole Isentropic efficiency ηPFHEs = 86.78% ηPFHEs = 88.40% 1.87%

Total heat transfer
coefficient

U = 2286 W/(m2$°C) U = 2518 W/(m2$°C) 10.15%

Heat transfer effi-
ciency

ψ = 87.6% ψ = 93.8% 7.08%

Maximum Pressure
drop

ΔPPFHEs = 17 kPa ΔPPFHEs = 16 kPa –5.88%

Distillation process PC Whole Upper column Pres-
sure drop

ΔPPC = 3.6 kPa ΔPPC = 3.4 kPa –5.56%

Lower column Pres-
sure drop

ΔPPC = 4.3 kPa ΔPPC = 4.1 kPa –4.65%

Note: Ps, shaft power of AC; ηAC, isentropic efficiency of the compressor; ΔPMSA, pressure drop of MSA; ηTE, isentropic efficiency of the turbo expander; ηPFHEs ,
isentropic efficiency of PFHEs; ΔPPFHEs, pressure drop of PFHEs; ΔPPC, pressure drop of PC. Ratio =(Performance after using LPM–Performance before using LPM)/
Performance before using LPM.
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improved Gaussian membership function. Considering
that the traditional method for variable working condition
design of ASUs using a predefined uniform threshold
cannot detect critical operating conditions adaptively, T–S
fuzzy interval detection is recursively employed to
determine whether the critical point is detected or not by
using different thresholds. Compared with the traditional
method, T–S fuzzy interval detection is suitable for the
stable analysis of multi-stream coupling problems.
(3) Variable working condition design for 100000 Nm3

O2/h large-scale ASU
The 100000 Nm3 O2/h large-scale ASU is successfully

designed using LPM. With LPM, the performance of AC,
MSA, TE, main PFHEs, and PC in the ASU is enhanced to
adapt to variable working conditions. The designed value
of net power consumption per unit of oxygen production
(kW/(Nm3 O2)) is decreased with an optimal ratio of
6.45%. The proposed method is useful for the top–down
forward design of similar LSCSs.

Nomenclature

Subscripts

ai, bi, ci Parameter set of the shape-changing degree of the
membership function

Af Total area of the hole (m2)

Cp Specific heat capacity at constant pressure (J∙kg–1∙K–1)

C1, C2, C3 Constants

d Bore diameter (m)

dp Particle diameter (m)

D Diameter of PC (m)

De Equivalent diameter of the flowing passage (m)

f Friction factor

f0 Friction factor for flow past a single particle

Ff Packing factor of the flooding point (m∙s–1$(kg∙m–3)0.5)

Frl Froude number for liquid

g Gravitational acceleration (m/s2)

h Specific enthalpy (J/kg)

Δh Enthalpy drop (kJ/kg)

h0 Liquid holdup below the loading point

hd Dynamic liquid holdup of the packing column

hl Liquid holdup of the packing column

hs Static liquid holdup of the packing column

H Height of MSA (m)

k1, k2 Constants

L Heat exchanger length (m)

_m Fluid mass flow rate (kg/s)

N Iteration number

ΔP Pressure drop (MPa)

Pc Critical pressure (MPa)

Ps Shaft power of AC (kW)

_Q Heat transfer rate (kW)

_Qact Actual cooling capacity of TE (kW)

Reg Reynolds number for the gas

S State parameter set

T Temperature of fluid (K)

Tc Critical temperature (K)

ΔTm Mean temperature difference between streams (K)

u Fluid flow speed (m/s)

uf Flooding velocity (m/s)

ug Actual gas flow velocity (m/s)

U Overall heat transfer coefficient (W∙m–2∙K–1)

� Kinematic viscosity (m2/s)

Vs Volume flow rate of fluid under working conditions (m3/s)

x Input or variables in premise

y Output of the model

Z Total height of packing (m)

αp Specific surface area of packing (m2/g)

β Truncation error

γ Compression ratio of the air compressor

ε Porosity

η Isentropic efficiency

li Fuzzy approximation error of ith judgement

� Dynamic viscosity (Pa$s)

�l Fluid density (kg/m3)

�c Critical density (kg/m3)

ψ Heat transfer efficiency

ω Degree of variable working condition of PC in ASU

AC Air compressor

c Cold streams

d Unirrigated (dry) bed

EC Evaporator condenser

g Gas fluid

h Hot streams

i Inlet

irr Irrigated bed

k Known

l Liquid fluid

LC Lower column

MSA molecular sieve adsorber

o Outlet

PC Packing column

PFHEs Plate-fin heat exchangers
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