
lable at ScienceDirect

Energy 167 (2019) 921e938
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Transient cooling and operational performance of the cryogenic part
in reverse Brayton air refrigerator

Shanju Yang a, Bao Fu b, Yu Hou c, Shuangtao Chen c, Zhiguo Li a, Shaojin Wang a, d, *

a Northwest A&F University, College of Mechanical and Electronic Engineering, Yangling, Shaanxi 712100, China
b Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China
c State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi'an 710049, China
d Department of Biological Systems Engineering, Washington State University, 213 L.J. Smith Hall, Pullman, WA 99164-6120, USA
a r t i c l e i n f o

Article history:
Received 25 July 2018
Received in revised form
16 October 2018
Accepted 5 November 2018
Available online 12 November 2018

Keywords:
Reverse Brayton air refrigerator
Transient cooling model
Dynamic matching
Regenerator
Experiment
Energy efficiency
* Corresponding author. Northwest A&F University
Electronic Engineering, Yangling, Shaanxi 712100, Ch

E-mail address: shaojinwang@nwsuaf.edu.cn (S. W

https://doi.org/10.1016/j.energy.2018.11.016
0360-5442/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Accurate calculation of the transient cooling performance is crucial for the operation and control of a
reverse Brayton refrigerator. Components of the refrigerator have complex working characteristics
individually and interact each other mutually. To solve the problem easily, the turboexpander matching
characteristics were usually ignored and relations among components were simplified. In this study, a
cryogenic reverse Brayton air refrigerator equipped with gas bearing turboexpander and plate-fin heat
regenerator was presented. The ultimate refrigerating temperature was proposed through analysis. The
transient cooling characteristics of the cryogenic part in refrigerator were resolved into the turboex-
pander matching performance and the regenerator transient cooling characteristics. The regenerator was
simulated through numerical heat transfer and computational fluid dynamics by considering the axial
conduction and cold loss. The matching model was improved by adopting a significant method of
constant rotating speed. Using the dual non-steady time steps, a transient cooling model of the cryogenic
part was explored via Cþþ code, and verified by experiment. Through the model, the refrigerator cooling
performances were evaluated under different operation modes, and the energy utilization efficiency was
determined. It can be used to evaluate the operation strategy of refrigerators and help to promote energy
efficiency.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

As an important cryogenic machine, the reverse Brayton
refrigerator is applied in many fields, such as gas separation [1] and
liquefaction [2], telescope [3] and liquid hydrogen storage [4] in
space, environment simulation [5], nuclear fusion engineering [6],
high temperature superconducting [7], road conditioner [8], heat
pump [9], and food processing [10]. The turboexpander and heat
regenerator are two main devices of the cryogenic reverse Brayton
refrigerator. Expanding the gas through a turboexpander is an
effective way to get low temperatures. Due to regeneration, the
refrigerator could operate under low operation pressures in prac-
tice. Thus, equipped with efficient turboexpander and compact
regenerator, the refrigerator could achieve high efficiency, large
, College of Mechanical and
ina.
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cooling capacity, light weight, small dimension, and high operation
reliability. With the gas bearing turboexpander, the refrigerator has
special advantages of long life, negligible vibration, oil free, and
wide range of refrigeration temperature [11].

Due to the low refrigerating temperature, great thermal capacity
of cryogenic components, and the regeneration effect, a cryogenic
reverse Brayton refrigerator may undergo a complex and long
cooling period before reaching refrigerating temperature. For
example, the turboexpander outlet temperature in a Neon reverse
Brayton refrigerator decreased from 290 K to 80 K in 250min [7].
The transient cooling characteristics, which include the cooling
time, cooling patterns, the lowest refrigerating temperature, and
economic costs, are very important for the optimization and control
of a refrigerator. Thus, many experiments have been conducted to
study the transient characteristics of the reverse Brayton refriger-
ator and the similar turbo-based refrigeration systems. Hirai et al.
[7] developed a reverse Brayton cryocooler for HTS (High Tem-
perature Superconducting) applications. They tested the transient
cooling performance andmeasured the cooling capacity through an
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Nomenclature

Amin area of nozzle throat (m2)
cp specific heat (J K�1 kg�1)
f friction factor
G mass velocity (kg m�2 s�1)
h heat transfer coefficient (W m�2 K�1)
j heat transfer factor
kE adiabatic exponent in expander
nZ polytropic exponent in nozzle
p0E expander inlet pressure (Pa)
p2E expander outlet pressure (Pa)
Pr Prandtl number
wC compression work (W kg�1)
WE expansion work (W)
WF brake work of blower (W)
q0 cooling capacity (W kg�1)
R gas constant of air (J Kg�1 K�1)
Re Reynolds number
S volume heat source (W m�3)
St Stanton number

T temperature (K)
T0E expander inlet temperature (K)
T2E expander outlet temperature (K)
u velocity (m s�1)
V volume (m3)
Z0E compression factor in expander

Greek
εC compressor pressure ratio
εE expander expansion ratio
Dε relative pressure drop
hC compressor isentropic efficiency
hE expander isentropic efficiency
hM machinal efficiency
hR regenerator effectiveness
t time (s)
r density (kg m�3)
l thermal conductivity (W m�1 K�1)

F
�

volume heat source (W m�3)
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electric heater. Then they developed a volumetrically smaller
turbo-compressor, which made the refrigerator more compact and
efficient [12]. The design and test were clarified and the analysis
was less. Davis et al. [13] presented the mechanical and transient
cooling performance of a large size turboexpander compressor for
LNG (Liquefied Natural Gas) plant through several tests. Dolan et al.
[14] tested steady and transient performances of a reverse Brayton
cryocooler for space application, which involved system thermal
performances of cooling loads, refrigerating temperatures, power
levels and rejection temperatures. Deserranno et al. [3] performed
optimization of a Brayton cryocooler for ZBO (Zero Boil Off) liquid
hydrogen storage in space and tested the compressors and tur-
boalternator under different operating conditions. The COP (Coef-
ficient of Performance) of the cryocooler reached as high as 23% of
the Carnot cycle. Yang et al. studied cooling characteristics of a
reverse Brayton refrigerator with expansion works of consumption
[15] and recovery [16]. They established a reverse Brayton refrig-
erator with turboexpander compressor and tested the transient
coupling performance during the cooling process [16]. Although
transient cooling performances were described in these studies, the
inherent cooling characteristics and connected relations among
components were not presented.

Besides experiments, the transient simulation is an efficient way
to determine performances of the reverse Brayton refrigerator, and
could provide a basis for its optimization and control. To accurately
calculate the transient performance of the refrigerator is quite
difficult. The refrigerator mainly includes the compressor, tur-
boexpander, heat regenerator, after cooler, and cold load, which all
affect the refrigerator. They have complex working characteristics
individually and interact each other mutually. Thus, many working
processes and component characteristics are simplified for the sake
of calculation. Wang et al. [17] and Cai et al. [18] established
mathematical models of the air refrigerator's components and
calculated the cooling process of the refrigerator. In the models, the
steady-state heat transfer calculation was adopted for the regen-
erator but great error was obtained. As mentioned in Refs. [17,18],
the analysis method of unitary flow loss for turboexpander
simplified the matching characteristics but caused larger calcula-
tion errors. Ahmadi et al. [19] conducted ecological and thermal
optimization of a cryogenic refrigerator system using the genetic
algorithm. In the thermal analysis, the regenerator effectiveness
was discussed in details and the expansion performance was
simplified. They developed multi-objective optimization algo-
rithms based on NSGA-II algorithm to optimize the cryogenic
refrigerator [20] and a four-temperature-level absorption refriger-
ator [21]. Thermodynamic analysis of optimization was then con-
ducted for the irreversible absorption refrigerator [22]. Zhan et al.
[23] conducted dynamic simulation of a single nitrogen expansion
cycle, in which all the component modes were developed. The
calculation of regenerator was described in detail but the axial
conduction of regenerator was ignored. The matching performance
of turboexpander were also simplified for the convenience of
solving the problem.

The commercial simulators and models based on math software
packages are also commonly used to study the transient cooling
performance of refrigerators. Fazlollahi et al. conducted economic
costs and exergy analysis for several optimized cryogenic systems
[24]. Then they used the Aspen HYSYS software to study steady-
state and transient models of natural gas liquefaction processes
[25]. They also used the HYSYS to optimize two natural gas lique-
faction processes and identified the rate-limiting components
during load variations [26]. He et al. [27] developed a dynamic
model to investigate the dynamic behaviors of a small-scale LNG
plant. McCormick [28] performed a design and test of a reverse
Brayton cryocooler and carried out performance prediction for the
35 K cooler. Shin et al. [29] developed a control-oriented system
model for a boil-off gas re-liquefaction plant and designed its
effective control structure. But the connection between the
expander and heat exchanger was not presented. Bradu et al. [30]
illustrated a simulator PROCOS (PROcess and COntrol Simulator) for
a helium system, and the simulator was satisfactory for achieving
accurate predictions of the system behaviors. These simulators
could provide relatively accurate results, but detailed descriptions
of the calculation principle and process were not presented. Also,
few studies have been focused on the detailed transient cooling
characteristics of the reverse Brayton cycle. Additionally, the
matching characteristics of the turboexpander and mutual re-
lations between the turboexpander and regenerator were usually
simplified and ignored, which affected the prediction accuracy.
Thus, it is urgent to establish an accurate and efficient transient



Table 1
Main design parameters of the turboexpander and regenerator.

Items Turboexpander
values

Regenerator
values

Inlet pressure (abs. MPa) 0.500 0.510
Outlet pressure (abs. MPa) 0.110 0.100
Mass flow rate (kg s�1) 0.032 0.032
Isentropic efficiency or effectiveness

(%)
57.8 93.0
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cooling model with detailed descriptions of the refrigerator.
In this study, steady-state parameters analysis of the refrigerator

was carried out firstly, and the ultimate refrigerating temperature
of the refrigerator was newly defined. Based on the transient
analysis, the cooling characteristics of the cryogenic part in refrig-
erator were resolved into the transient expansion performance of
the turboexpander and the transient heat transfer characteristics of
the regenerator. The regenerator model was solved through
methods of numerical heat transfer and computational fluid dy-
namics. The turboexpander matching model was modified and
improved by adopting a significant method known as the constant
rotating speed. Different from exist models, a method of dual non-
steady time steps was newly proposed to connect transient char-
acteristics of the turboexpander to the regenerator, and the tran-
sient cooling model was explored via Visual Cþþ code. Theoretical
calculations were conducted to qualitatively clarify impacts of
components on the refrigerator with the ultimate refrigerating
temperature. Exergy analysis was performed to help validating the
rationality of the transient model and to provide a basis for the
optimization. The results of the transient cooling model were
compared with experimental data. Transient cooling performances
(cooling speed, cooling pattern, refrigerating temperature, eco-
nomic costs) under varied operation modes and control strategies
were evaluated quantitatively through the model. The energy uti-
lization efficiency andmutual relations between the turboexpander
and regenerator were clarified. The objectives of this study were to
analyze the transient cooling performance of the cryogenic part in
reverse Brayton refrigerator accurately, provide a basis for the
design and optimization of refrigerators, and allow for establishing
the operation and control strategies.
2. Description and analysis of the refrigerator

2.1. Description of the refrigerator

The working process and T-s diagram of the reverse Brayton air
refrigerator in this study are illustrated in Fig. 1. This refrigerator
was composed of three parts: the compression, the brake and the
Fig. 1. Schematic view and T-s diagram o
refrigeration. The compression part consisted of a compressor, a
freezing dryer, an adsorption dryer and a buffer. It provided
0.087 kg s�1 clean air at 1.000MPa. The refrigeration part mainly
consisted of an electric proportional valve, an expander, a vacuum
pump, and a cold box, which included a plate-fin heat exchanger, a
cooling load and cryogenic pipes. The vacuum degree of the cold
box can reach 0.01 Pa. The expander (cold side of the turboex-
pander) was placed verticality in the cold box. The hot side of the
turboexpander belonged to the brake part, which was similar with
the one shown in Ref. [15]. An electric proportional valve and a
chock valve were used to have the brake pressure at certain values.
A cooler was applied to absorb the heat from the compression
process of the blower. The thermodynamic process of the refrig-
erator is presented in Fig. 1 (b). The main design parameters of the
turboexpander and regenerator are listed in Table 1.

In the test apparatus, all the platinum resistance thermometers
were calibrated and the maximum uncertainty was ±0.1 K in the
range of 320.0 Ke55.0 K. The full-scale uncertainty of the pressure
gauge was ±0.25% in the range of 0.000MPae1.000MPa. The full-
scale uncertainty of the flow rate was ±1.5% in the range of
0.003 kg s�1 to 0.060 kg s�1. The rotating speedwasmeasured by an
eddy current sensor, and the uncertainty was ±1 rpm.
2.2. Target parameter analysis

To establish an integrated cooling model of the refrigerator, the
transient performance of each component should be solved, and
f the reverse Brayton air refrigerator.



Fig. 2. The progress of air flowing through the cold box.
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corresponding mathematical models should be established. The
models were also required to be correlated according to mutual
relations of the components, which could be extremely difficult and
many simplifying assumptions have to be introduced. In this paper,
steady-state parameters analysis and calculation of the refrigerator
were also carried out since they reflect final results of the transient
process. The steady calculations could provide some necessary
theoretical verification and corroborations for the transient cooling
model.

In the steady cyclic analysis, the following hypotheses were
adopted:

(1) The air in the systemwas ideal gas, and the ambient pressure
was atmospheric pressure.

(2) The heat transfer process in heat exchanger was isobaric, and
the pressure drops in heat exchangers and pipelines were
reduced to flow resistance uniformly.

(3) The temperature difference for heat transfer in the cold de-
vice was considered in the refrigerating temperature for
simplification.

(4) The cold loss of the system was reduced to the load of the
cold device but was no longer considered in the cycle
analysis.

The cooling capacity of the refrigerator q0 and the compression
work of the compressor wC are defined as [1]. The COP of the
refrigerator is the ratio of q0 to wC . According to the above hy-
potheses, the COP can be given as:

COP ¼ q0
wC

¼ cpðT2 � T1Þ
cpðT6 � T5Þ

¼
T0 � ½ðTa þ DT1Þð1� hRÞ þ T0hR�

h
1� hE

�
1� ε

1=k�1
E

�i
Ta
�
ε
1�1=k
C � 1

�.
hC

(1)

where DT1 ¼ Ta � T3, hR ¼ T3�T4
T3�T0

, T5 ¼ T4½1� hEð1� ε
1=k�1
E Þ�, and

εE ¼ εCð1� DεÞ.
When COP¼ 0, Tm represents the lowest temperature that the

refrigerator could reach.

Tm ¼ T0 ¼
ð1� hRÞ

h
1� hE

�
1� ε

1=k�1
E

�i
1� hR

h
1� hE

�
1� ε

1=k�1
E

�i ðTa þ DT1Þ (2)

The COP is one of the main performance indexes of refrigerators.
In practice, the refrigerator may run under various conditions for a
long time and the refrigerating temperature is usually lower than
the design value due to the change of refrigeration demand.
Therefore, it is necessary to analyze the ultimate refrigeration
ability of the refrigerator. The outlet temperature of expander
represents the lowest one of the cycle. When the expander outlet
temperature is equal to the refrigerating one, the cooling capacity
produced by the expander is totally used to pre-cool the inlet air of
expander. By this time, the expander outlet temperature is defined
as the ultimate refrigerating one while the refrigerator COP is zero.
It represents the lowest refrigerating temperature in which the
refrigerator could reach under certain operation parameters. In an
experiment, the lowest temperature that can be reached without a
cold load is the ultimate refrigerating temperature. Therefore, the
ultimate refrigerating temperature connects the steady state and
transient one, and could be target parameters to help analyzing the
refrigerator cooling performance.
2.3. Transient analysis

As shown in Fig. 1, in the cryogenic refrigerator, the screw
compressor and after cooler run under room temperature and
relatively stable operational conditions. The heat regenerator be-
longs to the cryogenic part, and there is large temperature differ-
ence between its cold and hot ends. It experiences the whole
temperature change from the ambient temperature to a low tem-
perature. The expander also belongs to the cryogenic part, and its
inlet temperature and rotating speed vary greatly in the cooling
process [7,9,16]. Superadding variations of the expansion ratio,
these make the change of expander characteristics very compli-
cated. Therefore, transient characteristics of the turboexpander and
regenerator should be the main content for studying the refriger-
ator transient cooling characteristics.

For a practical refrigerator, despite theworking characteristics of
the regenerator and expander, there are some other factors that
affect the transient cooling and operational performances, such as
the cold loss and thermal capacity of the cooling load, heat
regenerator, expander, and pipes. Influences of them should be
analyzed according to features of the refrigerator working process
and the thermal properties of components. The progress of air
flowing through the regenerator, cooling load and turboexpander
in the cold box is shown in Fig. 2.

The turboexpander and heat regenerator were placed in the cold
box of high vacuum and covered by multi-screens reflecting layers.
Therefore, the cold loss through radiation was little and could be
ignored for simplification. The regenerator was made of aluminum,
with a total thermal capacitivity of 51567.3 J K�1

. The cryogenic
pipes in the cold box were brass, with a total thermal capacitivity of
97.8 J K�1. The cold end of the turboexpander (expander) was using
stainless steel, with a total thermal capacitivity of 786.5 J K�1.
Compared with the heat regenerator, the thermal capacitivity of



Table 2
Main structure parameters of the plate-fin heat exchanger.

Parameters Hf sf df x y dw af

Value/mm 9.5 1.2 0.2 1.0 9.3 1.2 10
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cryogenic pipes and expander were quite small and could be
ignored. In the refrigerator, the cooling capacity was measured
through the electric heater. Therefore, the cooling characteristics of
the refrigerator were expressed with no-load. The transient cooling
characteristics of the cold load, mainly determined by its physical
properties, volume and weight, were relatively simple and could be
easily obtained when related parameters were settled.

Figs. 1 and 2 show that temperatures of the system were the
ambient one at the begging. After the screw compressor was star-
ted, the temperature in the expander outlet was decreasing by
adiabatic expansion. The low temperature gas flowed through the
cooling load and cooled the expander inlet gas in the heat regen-
erator through transient heat transfer. Repeating this, the refrig-
erator was cooling down. In the cooling down process, operation
parameters of turboexpander can be recognized as the quasi steady
state. The turboexpander became stable quickly when the oper-
ating parameters were fixed [1,7,16]. Thus, the transient expansion
performance was the off-design matching behavior of the tur-
boexpander. The transient cooling characteristics of the cryogenic
part in refrigerator could be resolved into the dynamic matching
performance of the turboexpander and the transient heat transfer
characteristics of heat regenerator. Then the transient cooling
model of the cryogenic part in reverse Brayton air refrigerator could
be established. To obtain the complete transient model, the work-
ing characteristics of regenerator and turboexpander should be
determined and all related models should be established.

3. Transient cooling model

3.1. Heat regenerator model

The heat regenerator is a plate-fin heat exchanger. According to
methods of numerical heat transfer and computational fluid dy-
namics, a transient computational model for plate-fin heat
exchanger was proposed. To acquire relatively accurate results, cold
loss through heat conduction, influences of the axial conduction of
parting plates, and thermal capacity of the heat exchanger were
comprehensively considered in the model. Discrete equations of
the model were deduced by control volume integral method.
Several following classical assumptions were adopted for simplifi-
cation, which represented the thermal change features and could
help solve the model easily [31]:

(1) The flow inside the heat exchanger was in one dimension.
(2) The acceleration pressure drop in the momentum equation

was negligible.
Fig. 3. The structure schematic view
(3) The energy dissipation from frictionwas not added as heat to
the fluid.

(4) The fluid was distributed evenly in channels of the heat
exchanger.

These assumptions could also be verified by numerical simula-
tions for the three-dimensional plate-fin heat exchanger based on
Ansys Fluent. A rigorous simulation should be based on conserva-
tion laws of mass, momentum and energy.With these assumptions,
only the energy conservation is required to be considered [31,32].
Heat is transferred between adjacent channels directly through the
separating plates and by conduction through the fins. The energy
equations for the fluid and parting plate could be solved with
methods of numerical heat transfer. Temperature descriptions of
fluids and parting plates could be obtained. The schematic view of
the plate-fin heat exchanger is shown in Fig. 3. The main structure
parameters of the regenerator are listed in Table 2.

The correlations of heat transfer and pressure drop used for the
plate-fin heat exchanger are listed as below [32]:

f ¼ 8:12
�
af
.
Dh

��0:41�
sf
.
Hf

��0:02
Re�0:74 Re � Re� (3)

j ¼ 0:53
�
af
.
Dh

��0:15�
sf
.
Hf

��0:14
Re�0:5 Re � Re� (4)

f ¼ 1:12
�
af
.
Dh

��0:65�
df

.
Dh

�0:17
Re�0:36 Re � Re� þ 1000

(5)

j ¼ 0:21
�
af
.
Dh

��0:24�
df

.
Dh

�0:02
Re�0:4 Re>Re� þ 1000

(6)

where, af is the cutting length, R*
e ¼ 257

 
af
sf

!1:23 
df
af

!0:58

Dh

2
4df þ 1:328

 
Re
af Dh

!�0:5
3
5�1

, Dh ¼ 2ðsf�df ÞHf

ðsfþHf ÞþHf df =af
.

of the plate-fin heat exchanger.
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After calculating the factors of heat transfer and pressure drop,
the Stanton number St could be obtained.

St ¼ j
.
Pr2=3 (7)

where Pr ¼ cpm=l.
Then, the convective heat transfer coefficient and pressure drop

in the plate-fin heat exchanger could be calculated as below [32]:

h ¼ cpm

Pr2=3
1
Dh

jRe ¼ StcpG (8)

Dp ¼ 4f
l
Dh

G2

2r
(9)

where Dp is the pressure drop (Pa) and l is the length of flow
channel (m).

If considering all the fluids and parting plates in calculation, the
computation load would be heavy, resulting in long solution time.
The cryogenic heat exchanger is the two-fluid plate-fin heat
exchanger, and parting plates are between hot and cold fluids, as
shown in Fig. 3. To accelerate the computation, only two fluids (a
cold fluid and a hot fluid) and a plate need to be conducted instead
of all the fluids and plates. Since there are 8 sets for the regenerator,
the simplification is reasonable.

Finite volume method was used to disperse the calculation area.
The discrete equations derived by the finite volume method have
advantages of conservation properties, and clear physical mean-
ings. A uniform grid was used to divide the cold area, hot area and
the parting plate. The node was set up as the internal node. The
compute grids of the regenerator in the numerical model are
shown in Fig. 4. The self-adaptive mesh method was adopted to
improve the accuracy of the calculation.

Heat transfer within the parting plates and fins can be analyzed
by the transient heat conduction equation, as shown in Eq. (10).

vT
vt ¼ l

rc
v2T
v2x

þ F�

rc
(10)
Fig. 4. The compute grid

Fig. 5. Energy flow w
The energy transfer inside the plates is shown in Fig. 5. The
energy transfer includes the heat conduction inside the plates and
the heat convection between the plates and the fluid. The energy
transmitted through heat convection is presented in the differential
equation in the form of source term.

The control volume integral method was adopted, and Eq. (10)
was integrated in the time interval Dt and the volume shown in
Fig. 5. Integration of the unsteady item is:

ðxþDx

x

ðtþDt

t

vT
vt

dtdx ¼
ðxþDx

x

�
TtþDt � Tt

�
dx ¼

�
Tjþ1
w;i � Tjw;i

�
Dx

(11)

To integrate the diffusion term, we have the first derivative
change explicitly with time, and obtain the first derivative value of
the interface by piecewise linear method.

ðtþDt

t

ðxþDx

x

v2T

v2x
dxdt ¼

ðtþDt

t

��
vT
vx

�
xþDx

�
�
vT
vx

�
x

�
dt

¼
��

vT
vx

�t

xþDx
�
�
vT
vx

�t

x

�
Dt ¼

Tjw;iþ1 � 2Tjw;i þ Tjw;i�1

Dx
Dt

(12)

The heat transfer between the plate and the fluid in the interface
was converted into the volume heat source of the entire plate
control volume, and the total parameter method was applied. The
source term was integrated with time explicit:

ðtþDt

t

ðxþDx

x

Fi

�
dxdt ¼ 1

Vw

h
h j
h;ibh;i

�
Tjh;i � Tjw;i

�
þ hjc;ibc;i

�
T j
c;i � Tjw;i

�

�
i
DxDt

(13)

where Vw is the volume of a single control body (m3), hh;i is the

convective heat transfer coefficient at hot side (W,m�2,K�1), bh;i is

the convective heat transfer area at hot side (m2), hc;i is the
of the regenerator.

ithin the plate.



Fig. 6. Energy flow at the hot end of plate.
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convective heat transfer coefficient at cold side (W,m�2,K�1), and
bc;i is the convective heat transfer area at cold side (m2).

Substituting Eqs. (11)e(13) into Eq. (10), the following equation
is obtained:

rwcp;w
�
T jþ1
w;i � Tjw;i

�
Dt

¼
lw
�
Tjw;iþ1 � 2Tjw;i þ Tjw;i�1

�
Dx2

þ 1
Vw

h
hjh;ibh;i

�
Tjh;i � Tjw;i

�
þ hjc;ibc;i

�
Tjc;i � Tjw;i

�i (14)

where rw is the density of parting plate (kg m�3); lwis the thermal
conductivity of parting plate (W m�1 K�1); i¼ 2,3, …, n-1; j¼ 1,2,
…, m-1.

As shown in Eq. (14), the diffusion term is of central difference,
which could transmit the disturbance downstream and upstream
uniformly. It conforms to the physical characteristics of diffusion.
Thus, it is an ideal discretization schemes, and has a 2-order
intercept precision.

The energy transfer at the hot end of the plat is shown in Fig. 6.
The energy transfer condition at the hot end is different from that of
the internal control volume. Since it's the first control volume of the
plate, there is heat coming from the external environment through
heat conduction. Thus, the upstream boundary is set as heat flux
(e.g. the second boundary condition). It also reflects the influence of
cold loss on the heat regenerator. The heat transfer equation is
shown in Eq. (15). The energy transfer at the cold end of the
partition is like that of the hot end.

rwcp;w
�
Tjþ1
w;1 � Tjw;1

�
Dt

¼
lw
�
� Tjw;1 þ Tjw;2

�
Dx2

þ
qjw;1

Dx

þ 1
Vw

h
hjh;1bh;1

�
Tjh;1 � Tjw;1

�
þ hjc;1bc;1

�
Tjc;1 � Tjw;1

�i
(15)

The heat transfer of the fluid in cold and hot channels is the
transient heat convection, and the non-steady convection-diffusion
Fig. 7. Energy flow wi
heat transfer equation is:

vrT
vt

þ vruT
vx

¼ v

vx

�
l

c
vT
vx

�
þ S (16)

As shown in Eq. (16), the heat transfer contains the convection
of flow and the diffusion term caused by heat conduction. Ac-
cording to the physical characteristics of the air, the Peclet Number
(Pe) is high when the velocity is low. By this time, the influence of
heat conduction or diffusion could be ignored. Therefore, the
diffusion effect was omitted when calculating.

The control volume of the hot fluid is shown in Fig. 7. The energy
transfer in the control volume of moment j and jþ1 is given. The
energy flowing into and out of the control body is transferred
through convective flow. The energy exchanged between the fluid
and the plate can be regarded as a generalized source term. When
the numerical solution is performed, the temporal and spatial
discretization of the transient item, the convection term and the
source term should be conducted, respectively.

The unsteady term is dispersed as:

ðxþDx

x

ðtþDt

t

vrT
vt

dtdx ¼
ðxþDx

x

h
ðrTÞtþDt � ðrTÞt

i
dx

¼
h
ðrTÞjþ1

h;i � ðrTÞjh;i
i
Dx (17)

Other than the mathematical point of view, the convection term
is the most difficult derivative term to disperse in the physical
process, mainly because it has a strong directionality. The first-
order windward format has the characteristics of migration, abso-
lute stability and conservation. However, it has only the first order
truncated precision. To overcome the disadvantages and maintain
its advantages, the second order windward format is adopted. Us-
ing the time explicit, the convection terms are dispersed by the
second order windward formats:
thin the hot fluid.



Fig. 8. Energy flow within the cold fluid.
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ðtþDt
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h
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(18)

The convection heat transfer between the hot fluid and the plate
is treated as source term:

Sh;i ¼
qh;i

cp;hahDx
¼ bh;ihh;i

�
Tw;i � Th;i

	
cp;hahDx

(19)

where qh;i is the convection heat transfer at the ith control volume
(W); cp;h is the specific heat capacity of air in the hot channels

(J$kg�1$K�1).
The source term is integrated with the time explicit:
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The convection term is integrated with the second order
windward, and the whole convection heat transfer equation can be
arranged as:
ahcp;h
�
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h;i T

jþ1
h;i � T j
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j
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�
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(21)
As shown in Eq. (21), the mass flow rate can be adopted instead
of the velocity comprehensively and rigorously.

ahcp;h
�
r jþ1
h;i Tjþ1

h;i � Tjh;ir
j
h;i

�
Dt

¼ �
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�
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�
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�
Dx

(22)

wheremj is the mass flow rate (kg,s�1); i¼ 3,…, n; j¼ 1,2,…,m-1.
Because the second order windward belongs to the three-point
format, the second control volume at the entrance of the hot fluid is
calculated using the first-order windward format.

ahcp;h
�
r jþ1
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j
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�
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�
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(23)

The control volume of the cold fluid is shown in Fig. 8. The en-
ergy transfer in the control body of moment j and jþ1 is given. The
flow and heat transfer conditions of the cold and hot fluids are
similar. The convection heat transfer discrete equations of the cold
side have the same form as those of the hot side.
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�
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j
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(24)
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�
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(25)
where cp;cis the specific heat capacity of air in the cold channels
(j.kg�1 k�1); i¼ 3,4, …,n-1; j¼ 1,2, …, m-1.

3.2. Turboexpander model

Since the matching characteristics influence the thermal per-
formance of the turboexpander greatly, a matching model is
necessary for calculating transient cooling characteristics of the
cryogenic part in refrigerator. Matching characteristics of the tur-
boexpander with brake blower were studied and the mathematical
model was established in Ref. [15]. When air is expanded in the
expander, the enthalpy may drop with energy output. To keep the
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balance, the output energy should be absorbed completely by the
brake blower. The equilibrium parameters between the expander
and brake blower consist of the working power and rotating speed.
The expander drives the blower and is coaxial, which means they
have the same rotating speed. The compression work nearly equals
to the expansion work. Then the relation between operation pa-
rameters of the expander and the brake blower could be obtained
as the following [15]:

p0FT0E ¼ M
p0E

ðu1=csÞ3
 
1� εE

1�kE=kE

!0:5

hET0F (26)

where M ¼ pAminndD
3
1E

169:7ð1þbÞmQdD
2
2F

"
nz�1
Z0E

�
2

nzþ1

� nzþ1
ðnz�1Þ

#0:5
, where p0F is the

brake pressure of blower (Pa), T0F is the inlet temperature of blower
(K), D2F is the diameter of blower wheel (m), ndis the design speed
of blower (r min�1), Qd is the design inlet flow rate of blower (m3

min�1), b is the friction and windage loss factor of blower, and m is
the slip factor of blower.

The characteristic ratio of expander u1/cs is defined as [33].
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where D1E is the diameter of expansion wheel (m).
As shown in Eq. (26),M and T0F are approximated constants for a

certain turboexpander. Thus, the matching characteristics are
focused on the operation parameters of expander, expansion
characteristics (performance curves) and the brake pressure.
Among these, the essential factor is to obtain the expander per-
formance curves. Simulations on the expander were performed for
this purpose.

In the present study, when using ANSYS CFX to simulate the
thermal performance of expander, the SST (Shear Stress Transport)
k-u model was applied instead of the k-ε model [15]. With the SST
model, the expansion performances could be simulated more
accurately [16,34]. The real air was chosen as working fluid in the
simulation. The inlet boundary conditions were the mass flow rate
and static temperature, and the outlet boundary condition was the
static pressure. The solid surfaces were considered to be no-slip and
adiabatic. The simulated performance curves for the expander were
presented in Fig. 9. The expansion ratio compared with character-
istic ratio are two decisive similarity criterions to determine the
Fig. 9. Performance curves at different expa
expander efficiency [15,33]. There exited an optimal characteristic
ratio that made the expansion efficiency maximum, and the per-
formance curves were somewhat different under varied expansion
ratios. It can be seen from Eq. (27) and Fig. 9 that, any variations of
the rotating speed, expander inlet temperature and expansion ratio
may lead to the change of characteristics ratio, thus the change of
efficiency.

The matching model of turboexpander with brake blower could
be established, as shown in Fig. 10. For a given brake pressure, the
stable rotating speed, characteristic ratio and efficiency could be
obtained through computation. For a given expander characteristic
ratio, the required brake pressure versus varied operation param-
eters of expander could also be calculated through the model. The
operation methods of the feed back control (optimal characteristic
ratio) and constant brake pressure could be applied to achieve
different operating strategies of the refrigerator.

Despite the above two methods, another significant method
known as the constant rotating speed was newly adopted in the
model. In this way, the brake pressure of turboexpander could stay
the same in the cooling process for stability, and the expander inlet
pressure was adjusted to keep rotating speed constant in the
cooling process. This method was usually used to give full play to
the ultimate capacity of bearings, especially for the gas bearings.
Furthermore, the constant rotating speed together with constant
brake pressure means the constant brake work. That is, the
expansion work and brake work are both fixed. When the tur-
boexpander uses a motor as brake, the rotating speed is constant in
the working process and the brake power also remains the same.
Thus, this method can be applied to simulate the expansion and
brake characteristics when a motor is employed as a brake.
Therefore, the operating strategy of the turboexpander running
under constant rotating speed is quite meaningful and important.

As shown in Fig. 10, for a given rotating speed, the brake power
could be calculated directly when the brake pressure is certain, and
then the expansion work is got. On the other hand, based on the
rotating speed and an assumed expansion ratio, the characteristic
ratio and efficiency of the expander could be obtained through
performance curves. Thus, another expansion work is obtained.
Comparing two expansion works, we can reduce or raise the
expansion ratio until the problem converges. Then the required
expander operation parameters are obtained.

After improved, the matching model was applied to analyze the
transient cooling performance of the cryogenic part. Through the
dynamic matching model, the expander thermal performance un-
der different control strategies of the refrigerator could be
determined.
nsion ratios (a) εE¼ 4.55; (b) εE¼ 5.13.



Fig. 10. Flowchart of the dynamic matching model.
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3.3. Establishment of the transient cooling model

After developing models of the regenerator and expander, there
exists a key factor that an effective method is required to connect
the dynamic matching characteristics of turboexpander and the
transient heat transfer characteristics of regenerator. In view of the
shortcomings of existing researches and based on the cooling
characteristics of the regenerator and turboexpander, we can
describe the transient heat transfer process of the refrigerator using
dual non-steady time steps. When the expander inlet temperature
changes little, its outlet temperature is assumed to be constant. The
total computation time is tt, and the 1st time step is Dt. In each time
step of Dt, the cold side inlet temperature of regenerator is the
same as the expander outlet temperature, and the transient con-
vection heat transfer occurs between the cold and hot fluid in the
regenerator. With Dt as the total time, Dt is divided as the 2nd time
step. The transient convection heat transfer is calculated out by Dt

in Dt. Through transient calculations, the hot side outlet tempera-
ture of regenerator is obtained at the end of Dt, which means the
expander inlet temperature is obtained. Thus, the expander outlet
temperature can be calculated according to the matching model.
Then the expander outlet temperature is treated as the inlet tem-
perature of the cold fluid in the next time layer. The transient state
in the next time layer of Dt is calculated. Repeating this until the
calculation is terminated, the transient cooling characteristics are
obtained. The flow chart of the calculated method is shown in
Fig. 11.

Parameters that connect the regenerator and expander are the
expander inlet and outlet ones, as shown in Eqs. (28) and (29).
Tk0E ¼ Tk�1;m
h;n ; Tk;jc;n ¼ Tk2E (28)

pk0E ¼ pk�1;m
h;n ; pk;jc;n ¼ pk2E (29)

where j¼ 1, …, m; k¼ 2, …, p.
In the refrigerator, because the flow area of regenerator is large

and the expander is equipped with nozzles, the mass flow rate is
determined by the boundary parameters of turboexpander.

mk ¼ mk
E (30)

where mk is the mass flow rate of regenerator (kg$s�1); mk
E is the

mass flow rate of expander (kg$s�1); k¼ 1, …, p.
Since the expander outlet pressure, which is slightly bigger than

the ambient pressure, varies little in the cooling process, the mass
flow rate mainly depends on the expander inlet parameters. As
discussed above, the mass flow rate is regarded as constant in the
1st time step. The mass flow rate mE is calculated using the
expander inlet pressure and temperature [15,30].

3.4. Validation and calculation scheme of the cooling model

3.4.1. Experimental validation method
To verify the cooling model, several tests were conducted to

comparewith the calculation. The operation parameters of the tests
were listed in Table 3 [15]. The cooling characteristics of refrigerator
may change with the control strategy of the expander. With the



Fig. 11. Flowchart of the cooling model.
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feed back control, the expander can operate under certain charac-
teristic ratio (e.g. the optimal characteristic ratio) through regu-
lating the brake pressure. With the constant brake pressure, the
inlet pressure of the brake blower is fixed and the expander char-
acteristic ratio varies in the cooling process. In the test, the local
atmospheric pressure was 0.096MPa. The matching model was
analyzed in test 1 and test 2 in Ref. [15], and the experimental data
of cooling process could be applied directly. Test 3 was repeated
and improved to evaluate the cooling performance after regulation.
Each experimental value was mean of three replicates, and the
standard deviation was also presented.

Since the validity of the matching model had been verified by
Table 3
The operation parameters of test [15].

Test Expander inlet pressure (MPa) Regenerator inlet temperature (K

1 0.499e0.502 293.2e294.3
2 0.583e0.588 298.2e299.7
3 0.499e0.503 293.7e296.5
experiment [15], it was inserted into the transient cooling model
directly. Then the cooling performance could be simulated through
the model and compared with the experimental data. In tests 1 and
2, the refrigerator was operated under different expansion ratios,
but both with the feed back control of optimal expander charac-
teristic ratio. In test 3, the refrigerator was operated under constant
brake pressure of turboexpander firstly and then the turboex-
pander was regulated to test the cooling performance under
different expander efficiencies.
3.4.2. Theoretical validation method
The target parameter Tm reflects the final result of the transient

process. It can also be obtained according to Fig. 1 (b) and Eq (2).
Variations of Tm with the compressor pressure ratio and efficiency,
expander efficiency, regenerator effectiveness, relative pressure
drop, and DT1, were then calculated. Theywere applied to complete
validations and provide some theoretical corroborations for the
transient cooling model.
3.4.3. Calculation scheme and operating strategies
To clarify the refrigerator transient characteristics, calculations

should be carried out under different conditions. For a certain
refrigerator, the performance of regenerator mainly depends on its
boundary conditions and couldn't be changed actively. But the
turboexpander could run with different control schemes through
regulation. Thus, calculations were conducted under varied struc-
ture parameters of the regenerator, thermal performances of the
expander and operation methods of the refrigerator.

The cutting length is an important factor of the regenerator,
which influences both the convective heat transfer coefficient and
pressure drop. For a turboexpander equipped with gas bearing, the
starting pressure might be lower or higher than the operating
pressure [5,16]. Therefore, the refrigerator might start with
different expander inlet pressures. The starting pressure might be
lower or higher than the operating pressure. A greater starting
pressure usually means a larger startup shock and more energy
costs. The operating strategy could be achieved by regulating inlet
pressures of expander. Under the same expansion ratio, the
refrigerator has different cooling performances with varied
expander efficiencies. This operation strategy could also present
the influence of expander efficiency on the ultimate refrigerating
temperature, which can be achieved by changing the rotating
speed. When a turboexpander works under a fixed rotating speed,
the expansion work is constant and the expander inlet pressure
should be regulatedwith the temperature. Even though at the same
rotating speed, different expansion works might result in varied
expansion and transient cooling performances. Variations of the
rotating speed and expansion work could be obtained through
regulating operation parameters of the expander and brake blower.
Thus, calculations could be carried out under different cutting
lengths of the regenerator, starting modes of the turboexpander,
expander efficiencies, rotating speeds and expansion works. It
could help formulating the effective control strategy and operation
scheme of refrigerator. All the calculations were based on the
environmental temperature and pressure of 300.0 K and 0.110MPa.
) Expander outlet pressure (MPa) Control strategy of expander

0.108 feed back control
0.110 feed back control
0.108 constant brake pressure
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3.5. Process optimization

To optimize the refrigerator performance at the steady state, the
COP can be used as the target parameter to minimize the energy
requirement and maximize the cold quantity. The exergy analysis
can be applied to reduce exergy loss and find out the potential
component for improvements. It could also provide relevant
theoretical verifications for the transient cooling model. The exergy
loss expressions of components were listed in Table 4. The exergy
losses may be calculated and analyzed at the specified parameters
of Ta ¼ 300 K, T0 ¼ 190 K, εC ¼ 4:0, hC ¼ 0:75, hE ¼ 0:75, hR ¼
0:85, DT1 ¼ 0 and Dε ¼ 0:02.

While for a practical refrigerator, the transient cooling model
could be used to optimize components and the operation scheme.
For example, the energy consumption and economic cost could be
reduced through shortening the cooling process or decreasing in
the total compression power, which could be simulated through the
transient model. The heat regenerator sizing could be optimized to
achieve low economic costs. For purposes of optimization, the mass
flow rate could be specified. The work done per unit of cold pro-
duction and the cooling down time formed the objective function:

f ðxÞ ¼ min
ð
wCdt ¼ f ðwC ; tdÞ (31)

where wc is the compression work per unit, and td is the cooling
time.

For the heat regenerator, accurate equipment sizing, specific
structure parameter, proper pressure and flow rate specifications
are necessary for simulation. By using the transient model, total
surface area, layer configurations, and zone configuration as shown
in Fig. 3 and Table 2, can be obtained under certain objective heat
transfer and flow resistance characteristics. When calculating the
surface area and volume, economic analysis for the regenerator is
conducted and provides the basis for manufacturing. It influences
the width and length of the heat regenerator. Combing the tran-
sient model and the objective function (31), the sizing and
Table 4
Exergy loss expressions for different components.

Equipment Exergy loss equations

Compressor DExC ¼ E1 � E2 þ WC

After cooler DExA ¼ E2 � E3
Heat regenerator DExR ¼ E3 þ E6 � E4 � E7
Turboexpander DExT ¼ E4 � E5
Cold load ExL ¼ E5 � E6 � Eq0
Valve and pipes ExV ¼ Hin � Hout � TaðSin � SoutÞ

Fig. 12. Validation of the cooling
economic costs of the heat regenerator could be optimized.
4. Result and discussion

4.1. Verification of the cooling model

4.1.1. Experimental verification
The calculated and experimental data under two operation

conditions were illustrated in Fig. 12. The calculated results agreed
well with the experimental data under both conditions. In test 1
and test 2, the differences between theoretical and experimental
ultimate refrigerating temperatures were 6.7 K and 2.8 K, and the
relative deviations were 6.5% and 2.8%. The times it took to reach
the lowest temperature were 116 and 98min in the two tests, as
compared to 108 and 96min in the calculations. With the two time
steps applied, the calculated results were precise when calculating
the long time cooling, which also verified the previous transient
analysis.

As shown in Fig. 13, the refrigerator was operated under con-
stant brake pressure of turboexpander in the first 126min. The
calculated and experimental data also agreed well. While
compared with test 1, the cooling speed was lower and ultimate
refrigerating temperature was higher, which was due to the control
strategy. With this control strategy, the characteristic ratio of tur-
boexpander varied during the cooling process and the turboex-
pander efficiency was always lower than the optimal value [15].

A phenomenon that should be specially mentioned was also
shown in Fig. 13. The temperature drops leveled off after 116min,
but there was a sudden decrease at about the 128th min. At this
time, the brake pressure of turboexpander was regulated. With the
regulation, the expander characteristic ratio changed and the
expander efficiency increased from 0.571 to 0.602. Thus, the
refrigerator was able to cool down further. After about 16min, a
new balance was established, and the ultimate refrigerating tem-
perature decreased from 113.1 K to 109.3 K. This verified the
conclusion that the brake pressure had a great influence on the
expander efficiency [15,16]. It also proved the transient analysis in
section 2.3.

As shown in the above comparisons, there were deviations be-
tween experimental and simulated results. There might be two
primary reasons. First, the test results had some uncertainties.
Second, the calculated model of refrigerator was based on the
transient model of regenerator and the matching model of tur-
boexpander, both of which had inevitable errors with the actual
experiment. Whereas, the maximum relative deviation of ultimate
refrigerating temperature was less than 6.5%, which showed that
the calculation was satisfied with the actual needs.
model (a) test 1; (b) test 2.



Fig. 14. Variations of Tm with the component performances.

Fig. 13. Cooling performance under constant brake pressure with (a) cooling process; (b) cooling characteristics after regulation.
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4.1.2. Theoretical verification
The impact of component performances on the refrigerating

temperature is presented in Fig. 14. Tm decreased with increasing
pressure ratio and the downtrend became slower. As shown in
Fig. 14 (b), Tmwas not directly affected by compressor efficiency. As
shown in Fig. 14 (c), Tm decreased with the increase of expander
efficiency nearly linearly, and the variation tendency basically
didn't vary with Ta. Tm decreased by 4.6 K, when hE decreased by
0.03, as compared to 3.7 K in the transient calculation in Fig. 13. It
proved that the ultimate refrigerating temperature was limited by
the expander efficiency, as discussed in section 4.1.1. As shown in
Fig. 14 (d), Tm decreased with the increase of regenerator effec-
tiveness, and the downward trend was getting faster. With the
increase of regenerator effectiveness, influence of Ta on Tm became
small. As shown in Fig. 14 (e) and (f), Tm increased with the relative
pressure drop and DT1 under certain Ta. Tm decreased by 2.2 K,
when DT1 decreased by 5.0 K. In a word, the most significant factor
impacting the ultimate refrigerating temperature was the regen-
erator effectiveness, followed by the expander efficiency and
compressor pressure ratio. It also verified constrains of the ultimate
refrigerating temperature as derived from the transient cooling
model.

It can be concluded from Fig. 13 that influences of the expander
and regenerator on the ultimate refrigerating temperature were
crucial for a cryogenic refrigerator. The calculations verified the
analysis in sections 2.2 and 2.3 that the expander and regenerator
might affect the refrigerator cryogenic performance greatly.
Fig. 15. Influence of cutting length at εE ¼ 4:54 and hE ¼ 0:6 (a) cooling characteristics; (b)
the cutting length.

Table 5
Main component exergy losses.

Parameters DExC DExA DExR DExT DExL DExV Eq0

Exergy loss (%) 16.5 23.1 3.1 41.9 3.4 0.9 11.1
Additionally, the transient cooling model of the cryogenic part,
including models of the regenerator and expander, was important
for studying the whole refrigerator.

4.1.3. Exergy calculation
As shown in Table 5, the exergy efficiency of the refrigerator was

11.1%. The exergy losses in the compressor, after cooler, and tur-
boexpander were large. Since the pressure ratio was great and the
compression efficiency was limited, the compressors contributed
great exergy losses in the process. The heat from the hot air was
emptied and unused when the air was cooled in the after cooler. If
the expansion work was consumed and constrained by the
expander efficiency, the expander contributed the greatest exergy
loss. It could be improved by high efficiency and energy recovery.
Because the turboexpander belonged to the cryogenic part, it was
plausible to choose it as the primary objective of the transient
model.

4.2. Cooling performance under different cutting lengths of the
regenerator

The transient cooling performance of the refrigerator under
different regenerator cutting lengths were presented. As shown in
Fig. 15 (a), with the cutting lengths of 5, 10 and 15mm, the ultimate
refrigerating temperatures reached 101.8, 103.8 and 104.4 K,
respectively. Cooling tendencies under three conditions were
nearly the same, so was the cooling rate, as shown in Fig. 15 (b). As
shown in Fig. 15 (c), the shorter cutting length generated greater
heat transfer coefficient and higher effectiveness, but also larger
pressure loss. As shown in Fig. 15 (d), variations of the ultimate
refrigerating temperature with the cutting length were presented.
The change trend was nonlinear, and the cutting length should be
chosen carefully. With a shorter cutting length, the turbulent flow
decline rate; (c) regenerator performance; (d) ultimate refrigerating temperature with
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could be developed more sufficiently and thermal boundary layer
can be reduced. That is, the heat transfer is enhanced and friction
resistance increases. Therefore, a good balance should be obtained
between the heat transfer and flow resistance. Also, the shorter
cutting lengthmay raise themanufacturing difficulty and economic
costs.

Different from the expander which could be regulated under
different working conditions, the regenerator is inherently deter-
mined by its structure parameters and influenced by boundary
conditions to some degree. That is, the careful design and rigorous
verification are essential for a regenerator. Also, good matching
between the regenerator and expander is vital for the efficient
operation of a refrigerator.

4.3. Influence of turboexpander starting modes on the cooling
performance

As shown in Fig. 16, the transient cooling performance under
different startingmodes was illustrated. During the first 20min, the
expander inlet pressure varied linearly to 0.500MPa with different
paths. As shown in Fig. 16 (b), the higher expansion ratio in the
starting period generated faster refrigerator cooling speed. When
expansion ratios were close and consistent, the cooling character-
istics were similar and the ultimate refrigerating temperatures
were nearly the same. The reasons could be found in Fig. 16 (c) and
(d). In the first several minutes, the higher expansion ratio resulted
in the bigger decline rate. When the cooling went on, the decline
rates were inverse under different conditions. That was because,
higher expansion ratio resulted in lower expander outlet temper-
ature. With the convective heat transfer in the regenerator, the
lower expander inlet temperature accrued. The lower expander
inlet temperature is responsible for the lower enthalpy drop. Thus,
the inversion phenomenon occurred when the cooling went to a
Fig. 16. Cooling characteristics under different starting modes at hE ¼ 0:6 (a) expansion ra
certain extent and the expander inlet temperature began to have a
greater effect. It was the result of a combination of the expansion
ratio, expansion characteristics and heat transfer characteristics in
regenerator. A lower expander inlet pressure means a smaller
pressure ratio and therefore a lower energy consumption. Thus, to
start with a relatively smaller pressure in the beginning period
might have a higher energy efficiency. Also, it is beneficial for the
stability of the gas bearing turboexpander. A lower expansion ratio
may result in lower rotating speed and smaller load capacity of gas
bearing. Then, a feed back control could be applied to have the
expander operating under high efficiency in the long-term cooling
process. Total energy consumption decreased with the operating
pressure of turboexpander, which was constrained by starting
pressure of the gas bearing. Although the control system requires
additional costs, the start and operation responses enable a form of
energy saving and lower economic cost for a large-scale plant.

4.4. Influence of expander efficiency on the cooling performance

As shown in Fig. 17 (a), under certain value of expander effi-
ciency, the ultimate temperature of the refrigerator was limited.
The higher expander efficiency generated faster cooling speed and
lower ultimate refrigerating temperature. When the expander ef-
ficiency increased, the refrigerator reached the ultimate refriger-
ating temperature relatively earlier. It can be seen from Fig. 17 (b)
that, the regenerator effectiveness was nearly the same under
different conditions after 30min. As shown in Fig. 17 (c) and (d), the
decline rates of expander outlet temperatures were presented. In
the first several minutes, the higher the expander efficiency went
the faster the decline rate. When the cooling went on, the decline
rates under different conditions were nearly the same. That was
because, the refrigerator was more affected by expander efficiency
in the starting period of the cooling process. When the temperature
tio; (b) cooling process; (c) decline rate; (d) decline rate at the beginning of 25min.



Fig. 17. Cooling characteristics under different expander efficiency at εE ¼ 4:54 (a) cooling process; (b) regenerator effectiveness; (c) decline rate; (d) decline rate at the beginning.
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decreased to some extent, the influence of regenerator effective-
ness on the refrigerator became larger than that of the expander
efficiency. Their joint effects brought changes of the cooling char-
acteristics along with time. Although the decline rate became close
later, the higher expander efficiency resulted in the lower refrig-
erating temperature finally. These also verified the conclusions in
4.1.2.

4.5. Cooling performance under constant rotating speed of
turboexpander

As shown in Fig. 18, the refrigerator cooling performance with
turboexpander rotating speed of 170k rpm was presented. Under
different expansion works, the cooling characteristics were
different. The ultimate refrigerating temperatures were 108.0, 111.1,
and 108.9 K, respectively, under expansion works of 560, 610 and
Fig. 18. Cooling characteristics at rotating speed of 170k rpm
660W. That is, the bigger expansion work does not always mean
the greater cooling ability of refrigerator. The reason can be found
in Fig. 18 (b). Under different expansion works, the expansion ratio
and expander efficiency had different variation tendencies. At the
expansion work of 560W, there existed a greater expansion ratio
and a lower expander efficiency. The variations of expansion ratio
and expander efficiency had inverse effects on the refrigerator, and
they along with the regenerator leaded to a higher refrigerator ef-
ficiency ultimately. From a different angle, the expansion work
reflects the cooling capacity of the expander but does not reflect the
cooling temperature. The lower expansion work might be corre-
sponding to a lower temperature, leading to a faster cooling speed.

As shown in Fig. 19, the refrigerator cooling performance with
expander rotating speed of 200k rpm was presented. The ultimate
refrigerating temperatures were 108.7, 106.6, and 104.7 K, respec-
tively, under expansion works of 910, 990 and 1070W. Under this
(a) cooling process; (b) expansion ratio and efficiency.



Fig. 19. Cooling characteristics at rotating speed of 200k rpm (a) cooling process; (b) expansion ratio and efficiency.
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rotating speed, the expansion work and the refrigerator cooling
ability had positive correlations. The reason was shown in Fig. 19
(b). Under different expansion works, the expansion ratio and
expander efficiency had similar variation tendencies. The bigger the
expansion work, the greater expansion ratio and expander effi-
ciency were. The expansionwork of 1070Wwas corresponding to a
greater expansion ratio and a higher expander efficiency, and thus
leaded to a higher refrigerator efficiency.

It can be seen from Figs. 18 and 19 that, although both operated
under constant rotating speed, the different change rules between
refrigerating ability and expansion work came from the nonlinear
expansion characteristics and the mutual interactions between the
expander and regenerator. The expansion work WE can be
expressed in the following form [15,33]:

WE ¼ BCT0:50E (32)

where B ¼ Amin

�
kE

kE�1

�1:5�
RðnZ � 1Þð2=nZ þ 1Þ

nZþ1
nZ�1=Z0E

�0:5
p2E ,

C ¼ ðεE � εE
1=kE ÞhE .

In the present refrigerator, p2E is nearly equal to the atmosphere
one, and B can be recognized as constant. Then the expansionwork
is related to the expansion ratio, expander efficiency and expander
inlet temperature. With the decrease of T0E , C should be raised to
keep the expansion work constant. That is, the change rule of the
expansion ratio and expander efficiency must meet the demand
that C increases with the decrease of T0E . For example, whenεE
decreases, hE has to arise. When εEincreases, hE could rise or fall,
which is determined by the expansion characteristics and reflected
on the performance curves. As shown in Fig. 18 (b), hE increased
with the decrease of εE at the beginning. Then hE decreased with
the increase of εE under different expansion works, but the varia-
tion tendencies were obviously different. As shown in Fig. 19, hE
decreased with the increase of εE , and the variation tendencies
were similar. That is because, under different expansion ratios,
variations of efficiency with characteristic ratio were somewhat
different [15], as shown in Fig. 9. In addition, the change trend of T0E
is the result of the interactions between the expander and the
regenerator. That is why there are differences between the rotating
speeds of 170k rpm and 200k rpm. Therefore, to promote energy
efficiency and reduce economic costs, a careful and accurate
calculation is necessary when the operation method of constant
rotating speed is applied.

The influence of parameters on the refrigerator cooling perfor-
mance is non-linear and coupled together, which can be demon-
strated through the transient model. Compared to the ordinary
system, the transient model results in greater cold production with
obviously lower energy consumptions and economic costs.

5. Conclusion

This paper focused on transient analysis of the cryogenic part in
reverse Brayton air refrigerator, defined the ultimate refrigerating
temperature Tm, and established the transient cooling model of the
cryogenic part. The steady-state parameter analysis provided
theoretical foundation based on Tm and exergy losses. The transient
characteristics of regenerator was calculated through methods of
numerical heat transfer and computational fluid dynamics. The
dynamic matching model of turboexpander was improved by
adopting a significant method known as the constant rotating
speed. Using the newly proposed method of dual non-steady time
steps to connect the regenerator and turboexpander, a transient
cooling model was built and validated by tests. When the expander
efficiency increased from 0.571 to 0.602 through regulation, Tm
decreased from 113.1 K to 109.3 K.

With the regenerator cutting lengths of 5, 10 and 15mm, Tm
reached 101.8, 103.8 and 104.4 K, respectively, and the change trend
was nonlinear. A relatively smaller pressure in the beginning period
(e.g. during the first 20min) may produce higher energy efficiency,
which is also beneficial for the stability of the gas bearing tur-
boexpander. The refrigerator was clearly affected by expander ef-
ficiency in the starting period. When the temperature decreased to
some extent, the influence of regenerator effectiveness became
large. Tm was 108.0, 111.1, and 108.9 K, respectively, under expan-
sion works of 560, 610 and 660W with rotating speed of 170k rpm
but 108.7, 106.6, and 104.7 K, respectively, under expansion works
of 910, 990 and 1070W with rotating speed of 200k rpm. The
transient model could provide a basis for the design and optimi-
zation of the cryogenic part in refrigerators. It can be used to
evaluate the management and operation strategy of refrigerators
and help to promote energy efficiency and reduce economic costs.
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