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In order to study the stress, strain and deformation of the recuperator, the thermal-structural coupling finite element analysis
model of cross-wavy primary surface recuperator of gas microturbine was established. (e stress of cross-wavy primary surface
recuperator after operation under design conditions was analyzed by finite element method.(e reliability of the material selected
for the recuperator was verified, and the effects of pressure ratio and gas inlet temperature on stress and displacement of the
recuperator were analyzed. (e research results show that the maximum stress and strain on the gas outlet side of the recuperator
are higher than the maximum stress and strain on the gas inlet side when only pressure is considered, and the result is the opposite
when pressure and thermal stress are considered. (e air passage of the recuperator deforms to the side of the gas passage, the air
passage becomes larger, and the gas passage shrinks. With the increase of pressure ratio between air side and gas side, the
maximum stress of recuperator passage also increases. When the pressure ratio increases to 8.4, the strength limit of the heat
exchange fin material is reached. When the gas and air outlet temperatures remain unchanged and the thermal ratio decreases, as
the gas inlet temperature increases, the maximum stress increases. For every 50K increase in the gas inlet temperature, the
maximum stress of the recuperator increases by about 2.3MPa. (e research results can be used to guide the designing and
optimization of recuperator.

1. Introduction

(e microturbine is a new type of engine. In recent years, it
has developed rapidly in the field of distributed generation/
energy systems. (e adoption of efficient and compact heat
exchanger technology is one of the keys to its successful
application. Based on the compactness of the gas turbine, the
designer must design a compact recuperator that is the
smallest in volume and mass, the lowest in cost, and easy to
automate mass production. Figure 1 shows the schematic
diagram of the microturbine with recuperator, which is
mainly composed of centrifugal compressor, centripetal
turbine, combustion chamber, and recuperator. After the air
is compressed by the compressor, it enters the recuperator,
raises the temperature, then enters the combustion chamber,

mixes with the fuel and burns, enters the turbine, discharges
in the turbine, and discharges the flue gas with higher
temperature and then enters the recuperator. It is used to
heat the cold air from the compressor to further improve the
system efficiency. (erefore, the role of recuperator is to use
the waste heat in the gas turbine exhaust to heat the
compressed air to save part of the fuel, so that the exhaust gas
temperature is reduced to recover the waste heat, thereby
improving the efficiency of the whole machine.

For saving the fuel and increasing the efficiency of gas
turbine cycle, recuperator is used to warm up the air entering
the combustion of gas turbine by absorbing the heat of
exhaust in recuperation cycle. It makes the efficiency of cycle
10% higher and even more by using recuperated cycle.
Recuperator, as the key part in recuperated cycle, plays an
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important role in the increase of the efficiency of gas turbine.
It must be a kind of recuperator, which has a small volume,
light weight, high recuperated effectiveness, and high reli-
ability for using on gas microturbine. Investigation indicates
that the cross-wavy primary surface recuperator (CWPSR)
can satisfy these demands, so it is the preferred structure of
recuperator of microturbine.

Under the condition of half-wall thickness and multi-
period boundary conditions, Xi et al. [1] established a three-
dimensional fluid-solid coupling heat transfer model con-
sidering the interaction between high-temperature hot gas
and compressed cold air and predicted the flow and heat
transfer in shear wave channel. By comparing the heat
transfer and pressure loss of five configurations, the effecting
law of geometrical parameters is revealed.

Cai et al. [2] introduced a computational model of heat
transfer and pressure drop established for the design opti-
mization of the annular involute-profile cross-wavy primary
surface recuperator (CWPSR) in microturbine. (e genetic
algorithm method is employed to solve the optimization
problem of annular CWPS recuperator with multiple design
variables.

Wu et al. [3] conducted a numerical simulation to study
the flow and heat transfer in the CW primary surface
channel. (e CW primary surface channels are set up in the
3D numerical simulation model for different configurations
and generating the grid. (en, the flow and heat transfer are
simulated in these models when the Reynolds number is low
(Re� 50∼600), and the periodic boundary condition is used
for the boundary. (e numerical study of the fluid flow and
heat transfer characteristics for the two different configu-
rations shows that the average Nusselt number increases as
Reynolds number increases, while the friction factor de-
creases with the increase of Reynolds number. (e rect-
angular cross-section has the best comprehensive
performance among the two configurations.

Ma et al. [4] performed naphthalene sublimation ex-
periments for cross-wavy channels in a wind tunnel. (e
experimental results indicate that the entrance region has a
small effect on the unit-averaged heat transfer coefficient of
whole cross-wavy channels. Correlations of Nusselt number

and friction factor in the cross-wavy channel are obtained.
Based on the similarity rules, five cross-wavy channels with
similar structures but different equivalent diameters are
further investigated by numerical simulations. (e nu-
merical results indicate that the cross-wavy channels with
similar structures but different equivalent diameters have
similar a thermal-hydraulic performance in the studied
Reynolds number range.

Maghsoudi et al. [5] aims to perform a comprehensive
thermoeconomic analysis, optimization, and ranking of
cross- and counterflow plate-fin recuperators employing
rectangular, triangular, offset strip, and louver fins. (e
analysis is mainly conducted for two recuperator structures:
(i) fins’ configurations on both hot and cold sides are the
same; (ii) fins on the hot and cold sides are dissimilar in
configuration. Considering the effective practical optimi-
zation constraints and design parameters, nondominated
sorting genetic algorithm (NSGA-II) is used to maximize the
recuperator effectiveness and minimize its total cost, si-
multaneously. Pareto-optimal fronts are presented to specify
the desirable recuperator designs satisfying the constraints.
Afterwards, in order to accurately and reliably rank the
optimal designs based on significant factors including
recuperator effectiveness, total cost, volume, mass and
pressure drop, data envelopment analysis (DEA) model is
utilized.

Xiao et al. [6] aims to provide a comprehensive un-
derstanding about recuperators, covering fundamental
principles (types, material selection, and manufacturing),
operating characteristics (heat transfer and pressure loss),
optimization methods, and research hotspots and sugges-
tions. It is revealed that primary surface recuperator is prior
to plate-fin and tubular ones. Ceramic recuperators out-
perform metallic recuperators in terms of high-temperature
mechanical and corrosion properties, being expected to
facilitate the overall efficiency approaching 40%. Heat
transfer and pressure drop characteristics are crucial for
designing a desired recuperator, and more experimental and
simulation studies are necessary to obtain accurate empirical
correlations for optimizing configurations of heat transfer
surfaces with high ratios of Nusselt number to friction factor.
Optimization methods are summarized and discussed,
considering complicated relationships among pressure loss,
heat transfer effectiveness, compactness, and cost, and it is
noted that multiobjective optimization methods are worthy
of attention. Generally, a metallic cost-effective primary
surface recuperator with high effectiveness and low pressure
drop is a currently optimal option for a gas microturbine of
an efficiency similar to 30%, while a ceramic recuperator is
suggested for a high efficiency gas microturbine (e.g., 40%).

(e distributed gas turbine power generation device is
simple and flexible. It can not only provide different levels of
power but also provide good emergency power generation
equipment. (rough the utilization of waste heat of gas, the
comprehensive utilization rate of fuel can be further im-
proved, and its comprehensive benefit is not lower than or
even higher than the electricity consumption of unified grid
[7]. (e emergence of microturbine provides safe and re-
liable power and energy for the decentralization of office and
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Figure 1: Microturbine plant with recuperator.
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miniaturization of production in order to avoid the defects
of unified power grid and meet the needs of the deepening
reform of the power industry. Some people call it the power
illusion of the 21st century, and it has a broad market
prospect.

In order to increase the efficiency of gas microturbine to
30%, the key is to adopt a regenerative cycle.(e recuperator
has the characteristics of high heat transfer efficiency, low
pressure loss, small size, and light weight. At the same time,
it should also have high operational reliability and durability.
In the high temperature and high pressure working envi-
ronment, there will be a great stress and strain in the
recuperator passage, and the gas passage will be deformed,
which will affect the flow of air and even lead to the rupture
of heat exchanger unit sheet and abandonment of recu-
perator.(erefore, it is necessary to analyze the stress, strain,
and deformation of recuperator.

2. Finite Element Analysis of Stress, Strain, and
Deformation of Microturbine
Recuperator [8–10]

2.1. Physical Model and Boundary Conditions. (e recu-
perator is composed of several heat exchange units, each of
which includes a heat exchange plate on the cross-wavy
primary surface, welded together to form an air channel,
between which is a gas channel, as shown in Figure 2. (e
shape of each cross-section of the element is the same, and
the air and gas passage are arranged alternately. (erefore, a
two-dimensional model can be established to calculate the
stress and strain [11].

(e material of heat exchanger is 0Cr17Ni12Mo2. (e
geometric parameters are pitch P� 1.8mm, height
H� 1.8mm, gas channel diameter Wgas � 1.1mm, air
channel diameterWair � 0.7mm, and wall thickness 0.1mm.

Some assumptions are made as follows.

(1) (e flow field inside the recuperator is steady; that is,
the temperature of the recuperator does not change
with time. In practice, as the recuperator works at a
high temperature for a long period of time, it is a
long-term operating part, so the temperature of the
recuperator will fluctuate when it works.

(2) (ermal stress has no effect on creep. In fact, when
the recuperator operates at a high temperature for a
long time, the thermal stress generated by the heating
will continue to attenuate during the creep process.
When the creep reaches the stable stage, the thermal
stress will approach zero.

(e recuperator gas and air channels are countercurrent
arrangement. According to the simulation results of our
group [12], the air inlet pressure of the recuperator is
382428 Pa, the air inlet temperature is 463K, the air outlet
pressure is 374779 Pa, the air outlet temperature is 873K, the
gas inlet pressure of the recuperator is 105547 Pa, the gas
inlet temperature is 928K, the gas outlet pressure is
101325 Pa, and the gas outlet temperature is 529K. Since the
recuperator works at high temperature for a long time and is

a long-term operating component, the temperature fluctu-
ation during the recuperator operation is not considered in
the calculation, and the flow field inside the recuperator is
treated as a steady state; that is, the recuperator temperature
does not change with time.

Periodic boundary conditions are applied to the left and
right sections during the calculation. (e finite element
model and constraint loads are shown in Figure 2.

2.2. Mathematical Model [13]. (ermal stress problem is
actually a coupling problem between two physical fields of
heat and stress. (ere are two analytical methods, the direct
method and the indirect method.(e direct method refers to
the direct use of coupled elements with temperature and
displacement degrees of freedom. (e direct method means
that the results of thermal analysis and structural stress
analysis are obtained by using the coupling element with
temperature and displacement degrees of freedom. (e
indirect principle refers to carrying out thermal analysis first,
then applying the calculated node temperature as a tem-
perature load to the structural stress analysis, and obtaining
the stress analysis results.

Direct method and indirect method have their own
advantages and disadvantages. As for the direct method, it
has two advantages: (1) it uses one element type to solve two
physical problems and can achieve the real coupling between
thermal problems and structural phenomena; (2) as the
interaction of coupled fields is highly nonlinear, the direct
method is preferred and it is the best method when the
coupling formula is used for a single solution. However, it
also has some disadvantages: (1) the direct coupling analysis
is usually nonlinear because the equilibrium state must meet
several criteria; (2) the more the degrees of freedom at each
node, the greater the matrix equation, the greater the
computational effort, and the more the time it takes. (ere
are three advantages of indirect method: (1) it can use all the
functions of thermal analysis and structural analysis and
cannot require a special cell type, and also, it is more efficient
than direct coupling; (2) in practical problems, this approach
is more convenient than the direct coupling because the
analysis uses a single field element and does not require
multiple iterations; (3) for coupling cases that are not highly
nonlinear, the indirect method is more efficient and flexible

1.8 mm

1.
8 m

mHAir
channel

Gas channel
1.1 mm

Gas channel

Wgas

Wair

P

Figure 2: Physical model and constraint load.
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because the two analyses can be performed independently of
each other. Furthermore, the indirect method also has
disadvantages. (at is, the steps of the indirect method are
more complex than those of the direct method. In this study,
in order to improve efficiency and save calculation time,
indirect method is adopted.

2.2.1.,eHeat Conduction Equation of the Recuperator Core.
Since the recuperator is a part of long-term operation (the
designed operation time is 40000 h), the heat transfer rea-
ches a stable state quickly during operation, which can be
solved as a steady-state problem.(e differential equation of
heat conduction is

zT

zx
2 +

zT

zy
2 � 0. (1)

Convective boundary conditions are satisfied:

− λ
zT

zn
 

w

� h Tw − Tf . (2)

Adiabatic boundary conditions are met:

zT

zn
� 0. (3)

In the aforementioned formula, Tw is the wall tem-
perature, K; Tf is the fluid temperature, K; λ is the thermal
conductivity of the material, W/m·K.

2.2.2. ,ermoelastic Mechanics Plane Stress Equation.
For the thermoelastic plane stress problem,
σz � 0, τxz � τyz � 0, cxz � cyz � 0, at this point, the
equilibrium, constitutive, and strain coordination equations
can be simplified as follows:

(1) (e balance equation is as follows:
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. (4)

(2) (e constitutive equation is as follows:
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(3) (e strain coordination equation is as follows:
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where
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zx
,
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,
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+
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.

(7)

(e static boundary conditions are also simplified as

σxl1 + τxyl2 � 0

τyxl1 + σyl2 � 0
⎫⎬

⎭. (8)

According to the aforementioned equations and com-
bined with displacement boundary conditions, the dis-
placement u and v can be obtained, and then the stress
solution can be obtained by substituting them into (5).

2.3. Grid Division. Generally, there are several types of grids
in finite element analysis, such as triangular mesh, quad-
rilateral mesh, and hexahedron mesh. Triangular and
quadrilateral grids are used for 2D model, while hexahedron
mesh is used for 3D model. (e calculation accuracy of
quadrilateral grid is higher than that of triangular grid, so the
quadrilateral grid is recommended. In this study, the
computational model is two-dimensional. (erefore,
quadrilateral grid is adopted, with 9444 cells and 10317
nodes. Two sets of grids are used to verify the grid inde-
pendence. Grid 1 has 5490 elements and 5997 nodes, and the
maximum stress is 78.9MPa. (e maximum stress is
78.2MPa with 9444 elements and 19493 nodes in grid 2. (e
stress error of two sets of grids is less than 0.89%. Grid 2 is
selected as the calculation grid.

2.4. Discretization. Partial differential equations (PDEs) are
the basis of mathematical modeling for physics and engi-
neering problems. In order to analyze the PDE of a real
system to an acceptable level, discretization is needed. When
solving engineering problems, finite element method (FEM)
is one of the most commonly used discretization methods,
which can be used to calculate the approximate value of the
real solution of partial differential equations. However, other
methods can also be used for discretization, for example,
mesh-free methods and isogeometric analysis (IGA), whose
basic idea is to approximate the solution of partial differ-
ential equation by using functions with desirable properties.
Samaniego et al. [14] studied deep neural networks (DNNs)
as an alternative to approximations and found that they have
good results in areas such as visual recognition. Anitescu
et al. [15] proposed the method of artificial neural network
and adaptive matching strategy to solve partial differential
equations (PDEs).(is method uses only scattered point sets
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in the training and evaluation sets and is completely
meshless. It can improve the robustness of neural network
approximation and save a lot of computing resources, es-
pecially when the solution is not smooth.

3. Calculation Results and Analysis

3.1. Comparisons and Analysis of Stress, Strain, and Defor-
mation between the Inlet and Outlet in Recuperator Channel
without considering,ermal Stress. Figure 3 shows the stress
distribution on the side of air inlet and gas outlet when the
thermal stress is not considered but pressure is taken into
account. (e maximum stress is 60.8MPa. Figure 4 shows
the stress distribution at the air outlet and gas inlet side, with
the maximum stress of 58.3MPa. Figure 5 shows the strain
distribution on the side of air inlet and gas outlet, whose
maximum strain is 0.292e-3. Figure 6 shows the lateral strain
distribution of air outlet and gas inlet, whose maximum
strain is 0.279e-3; Figure 7 shows the deformation distri-
bution at the air inlet and gas outlet side, with the maximum
deformation of 0.550e-3mm. Figure 8 shows the defor-
mation distribution at the air outlet and gas inlet side, with
the maximum deformation of 0.526e-3mm. It can be seen
that the maximum stress, strain, and deformation of gas
outlet and air inlet side in recuperator are larger than those
of gas inlet and air outlet side when thermal stress is not
considered and pressure is only taken into account. (e
reason is that the air inlet pressure and gas outlet pressure of
the recuperator are 382428 Pa and 101325 Pa, respectively.
(e pressure ratio is 3.77 :1. (e air outlet pressure and gas
inlet pressure of the recuperator are 374779 Pa and
105547 Pa, respectively. With the increase of pressure ratio
between air side and gas side, the maximum stress, strain,
and deformation increase. (e recuperator is arranged
counterflow, so the maximum stress, strain, and deforma-
tion occur at the air inlet and gas outlet side. In addition, it
can be seen from the figure that the air passage deforms to
the side of the gas passage, the air passage becomes larger,
the gas passage decreases, and the maximum deformation is
smaller, which is in the order of 10− 7m.

3.2. Comparison and Analysis of Stress, Strain, and Defor-
mation between the Inlet and Outlet in Recuperator Channel
When,ermal Stress Is Taken into Account. Figure 9 shows
the stress distribution at the air inlet and gas outlet side when
thermal stress is taken into account. (e maximum stress is
66.4MPa. Figure 10 shows the

stress distribution at the air outlet and gas inlet side, and
its maximum stress is 78.2MPa. Figure 11 shows the strain
distribution on the side of air inlet and gas outlet, whose
maximum strain is 0.336e-3; Figure 12 shows the lateral
strain distribution of air outlet and gas inlet, whose maxi-
mum strain is 0.478e-3; Figure 13 shows the deformation
distribution at the air inlet and gas outlet side, and its
maximum deformation is 0.562e-3mm. Figure 14 shows the
deformation distribution at the air outlet and gas inlet side,
and its maximum deformation is 0.656e-3mm. It can be
seen that when thermal stress is taken into account, the

maximum stress, strain, and deformation of air inlet and gas
outlet side of recuperator are less than those of air outlet and
gas inlet side. (e reason is that the recuperator adopts
countercurrent arrangement. (e gas inlet temperature of
the recuperator is 928K, the air outlet temperature is 873K,
the gas outlet temperature is 529K, and the air inlet tem-
perature is 463K. (e gas inlet temperature is much higher
than the gas outlet temperature, and the air outlet tem-
perature is much higher than the air inlet temperature.
Although the pressure ratio between air outlet and gas inlet
in recuperator is less than that between air inlet and gas
outlet in recuperator, the maximum stress, strain, and de-
formation of air outlet and gas inlet are obviously increased
under the coupling effect of pressure and temperature. It can
be seen that the thermal stress caused by thermal expansion
caused by temperature increase is significant, and enough
attention must be paid to it. By Comparing Figure 3 with
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considering thermal stress (Pa).

32
38

69

0.
67

6E
 +

 0
7

0.
13

2E
 +

 0
8

0.
19

6E
 +

 0
8

0.
26

1E
 +

 0
8

0.
32

5E
 +

 0
8

0.
39

0E
 +

 0
8

0.
45

4E
 +

 0
8

0.
51

8E
 +

 0
8

0.
58

3E
 +

 0
8

Figure 4: Stress distribution at air outlet and gas inlet side without
considering thermal stress (Pa).

Advances in Materials Science and Engineering 5



Figure 9, comparing Figure 4 with Figure 10, comparing Figure
5with Figure 11, comparing Figure 6with Figure 12, comparing
Figure 7 with Figure 13, comparing Figure 8 with Figure 14, it
can be seen that when thermal stress is taken into account, the
stress, strain, and deformation at inlet and outlet of recuperative
passage increase obviously under the coupling action of pres-
sure and temperature. As the material of the heat exchanger is
0Cr17Ni12Mo2, the strength limit of 0Cr17Ni12Mo2 is
170MPa, which is greater than the stress value of 78.2MPa.
According to the literature [16], it can be seen the strength of the
0Cr17Ni12Mo2 limit is 170MPa, which is greater than the
thermal stress value of 78.2MPa. (erefore, the designed
recuperator is safe and reliable in strength.

3.3. Effect of Pressure Ratio on Stress and Deformation of
Recuperator. Figure 15 shows that the maximum stress and
deformation of gas inlet and air outlet vary with the pressure
ratio between air side and gas side, while the temperature
and pressure of the gas inlet and the temperature of air outlet
remain unchanged. It can be seen that, with the increase of
pressure ratio between air side and gas side, the maximum
stress and maximum deformation of recuperator also in-
crease. When the pressure ratio increases to 8.4, the max-
imum stress of the recuperator reaches 170MPa and reaches
the strength limit of the heat exchanger material
0Cr17Ni12Mo2. When the pressure ratio increases to 8.5,
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the maximum stress of the recuperator increases to 172MPa,
which exceeds the strength limit of the heat exchanger
material 0Cr17Ni12Mo2. (erefore, when designing a
recuperator, in order to ensure its safety and reliability, the
pressure ratio between air side and gas side should not
exceed 8.4.

3.4. Effect of Gas Inlet Temperature on Stress andDeformation
of Recuperator. According to the literature [17], with the
increase of gas inlet temperature, the gas outlet temperature
changes a little, and the thermal ratio decreases gradually.
According to this idea, the stress finite element analysis of
gas inlet and air outlet in recuperator is carried out; that is,
only the gas inlet temperature is changed, while the gas
outlet temperature and air outlet temperature remain

unchanged. Figure 16 shows that the maximum stress which
occurs in the trough of air passage and maximum defor-
mation of the recuperator vary with the temperature of gas
inlet, while the thermal ratio remains unchanged. It can be
seen that, with the increase of gas inlet temperature, the
maximum stress increases. For every 50K increase of gas
inlet temperature, the maximum stress of recuperator in-
creases by 2.3MPa, and the maximum deformation in-
creases by about 0.025 μm. In this paper, 0Cr17Ni12Mo2 is
chosen as isotropic material for heat exchanger sheet, which
satisfies Hooke’s theorem, i.e., the relationship between
stress and deformation is linear. It can also be seen from the
figure that there is a linear relationship between maximum
stress and maximum deformation.

Figure 17 shows the variation trend of the maximum
stress calculated with the gas inlet temperature in [13]. It can
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considering thermal stress.
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Figure 12: Strain distribution at air outlet and gas inlet side
considering thermal stress.
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Figure 9: Stress distribution at air inlet and gas outlet side con-
sidering thermal stress (Pa).
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Figure 10: Stress distribution at air outlet and gas inlet side
considering thermal stress (Pa).
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be seen that the maximum stress which occurs in the trough
of air passage increases with the increase of the gas inlet
temperature and shows a linear change trend. As the
temperature rises by 50K, the maximum stress increases by
6MPa, which is higher than the results calculated in this
paper. (e reason is that the thermal ratio is set to the same.
With the increase of gas inlet temperature, the gas outlet
temperature and air outlet temperature also increase, and
the maximum stress increases rapidly. In fact, according to
the experimental research in the literature [17], with the
increase of gas inlet temperature, the gas outlet temperature
does not change much, and the thermal ratio decreases
gradually. (rough the aforementioned comparison, it is
further explained that the increase of thermal stress caused
by the increase of temperature is significant and must be
paid enough attention.
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Figure 16: Maximum stress and maximum deformation vary with
gas inlet temperature in recuperator.
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Figure 13: Deformation distribution at air inlet and gas outlet side
considering thermal stress (m).
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Figure 14: Deformation distribution at air outlet and gas inlet side
considering thermal stress (m).
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Figure 15: Variation of maximum stress and maximum defor-
mation with pressure ratio in recuperator.

8 Advances in Materials Science and Engineering



4. Conclusions

(1) (e maximum stress, strain, and deformation of air
inlet and gas outlet side in recuperator are larger
than those of air outlet and gas inlet side, when
thermal stress is not taken into account and only
pressure is taken into account. (e result is the
opposite when pressure and thermal stress are
considered. Although the pressure ratio between
the air outlet and the gas inlet of the recuperator is
smaller than the pressure ratio between the air inlet
and the gas outlet of the recuperator, the maximum
stress, strain, and deformation of the air outlet and
gas inlet side are obviously increased under the
coupling effect of pressure and temperature.
(erefore, the increase of thermal stress caused by
the increase of temperature is remarkable and must
be paid enough attention.

(2) (e side of the gas passage is deformed to the air
passage of the recuperator, the air passage becomes
larger, and the gas passage decreases. (e maximum
deformation is smaller, which is in the order of
10− 7m.

(3) With the increase of pressure ratio between air
side and gas side, the maximum stress and
maximum deformation of recuperator also in-
crease. When the pressure ratio increases to 8.4,
the maximum stress of the recuperator reaches
170MPa and reaches the strength limit of the heat
exchanger material 0Cr17Ni12Mo2. (erefore, in
order to ensure its safety and reliability when
designing the heat exchanger, the pressure ratio
between the air side and the gas side should not
exceed 8.4.

(4) When gas outlet temperature and air outlet tem-
peratures remain unchanged and the thermal ratio
decreases, as the gas inlet temperature increases, the
maximum stress increases. For every 50K increase of
gas inlet temperature, the maximum stress of
recuperator increases by 2.3MPa and the maximum
deformation increases by about 0.025 μm.
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