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Numerical ssmulation on vacuum solution heat
treatment and gas quenching process of a low
rhenium-containing Ni-based single crystal
turbine blade
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Abstract: Numerical heat-transfer and turbulent flow model for an industrial high-pressure gas quenching vacuum
furnace was established to simulate the heating, holding and gas fan quenching of a low rhenium-bearing Ni-based
single crystal turbine blade. The mesh of simplified furnace model was built using finite volume method and the
boundary conditions were set up according to the practical process. Simulation results show that the turbine blade
geometry and the mutual shielding among blades have significant influence on the uniformity of the temperature
distribution. The temperature distribution at sharp corner, thin wall and corner part is higher than that at thick wall
part of blade during heating, and the isotherms show a toroidal line to the center of thick wall. The temperature
of sheltered units is lower than that of the remaining part of blade. When there is no shelteration among multiple
blades, the temperature distribution for all blades is almost identical. The fluid velocity field, temperature field and
cooling curves of the single and multiple turbine blades during gas fan quenching were also simulated. Modeling
results indicate that the loading tray, free outlet and the location of turbine blades have important influences on the
flow field. The high-speed gas flows out from the nozzle is divided by loading tray, and the free outlet enhanced
the two vortex flow at the end of the furnace door. The closer the blade is to the exhaust outlet and the nozzle, the
greater the flow velocity is and the more adequate the flow is. The blade geometry has an effect on the cooling for
single blade and multiple blades during gas fan quenching, and the effects in double layers differs from that in single
layer. For single blade, the cooing rate at thin-walled part is lower than that at thick-walled part, the cooling rate at
sharp corner is greater than that at tenon and blade platform, and the temperature at regions close to the internal
position is decreased more slowly than that close to the surface. For multiple blades in single layer, the temperature
at sharp corner or thin wall in the blade that close to the nozzles is much lower, and the temperature distribution
of blades is almost parallel. The cooling rate inside the air current channel is lower than that of at the position near
blade platform and tenon, and the effect of blade location to the nozzles on the temperature field inside the blade is
lower than that on the blade surface. For multiple blades in double layers, the flow velocity is low, and the flow is not
uniform for blades in the second-layer due to the shielding of blades in the first-layer. the cooling rate of blades in
the second-layer is lower than that in the first-layer. The cooling rate of blade close to the nozzles in the first-layer is
the higher than that of blade away from the nozzles in the second-layer, and the temperature distribution on blades
in the same layer is almost parallel. The cooling rate in thin wall position of blade away from the nozzles is larger
than that in tenon of the blade closer to the nozzles in the same layer. The cooling rate for blades in the second-
layer is much lower both in thin wall and tenon for blades away from the nozzles.
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conditions. This could result in blade failures, which can
cripple the engine performance. The turbine blades therefore
must be carefully designed and manufactured to withstand
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blades of aircraft engines and industrial gas turbines due to their
excellent tensile properties, creep rupture, and fatigue properties,
superior resistance to oxidation and hot corrosion, and good
microstructure stability at high temperatures ™. To achieve
the required high temperature properites, especially high creep
strength of turbine blades, Ni-based superalloys were developed
from conventional casting alloys to single crystal alloys
characterized by adding increasing amounts of dense refractory

(11 and the turbine blades were

elements such as Re and Ru
evolved from conventionally solidified equiaxed-grained blades
to directionally solidified columnar-grained and single crystal
blades [1-3,5, 12-13].

During the investment casting process of single crystal turbine
blades, primary y dendrite solidification is accompanied by
solute partitioning at solid-liquid interface "*'". Some solute
elements segregate to the dendrite core, while other solute
elements segregate to the interdendritic liquid, which leads to
the formation of non-equilibrium interdendritic constituents,
including the coarse, irregular shaped and incoherent y'
precipitates and a high volume fraction of coarse eutectic y/y',
resulting in severe chemical segregation across the microstructure
of single crystal turbine blades "*'". The interdendritic coarse
y' precipitates, incoherent y-)' interface, undissolved eutectics y/
y', severe chemical segregation is detrimental to the strength,
creep rupture resistance and fatigue properties of single crystal
turbine blades "**". Consequently, the as-cast single crystal
turbine blades must be solution heat treated to dissolve eutectic
y/y', minimize chemical segregation, and solutionize the coarse
' precipitates for reprecipitation during subsequent ageing
heat treatments to confer the mechanical properties at high
temperatures. To minimize the incipient melting resulted from
the highly segregated as-cast microstructure, stepwise solution
heat treatment schemes are utilized to homogenize the single
crystal turbine blades. The single crystal turbine blades are
solutionized under Ar atmosphere in a vacuum heat treatment
furnace and rapidly gas fan quenched using high purity forced
argon flow giving an appropriate cooling rate at the final soak
cycle. According to the change of temperature field, the solution
heat treatment is composed of vacuum heating, holding, and gas
fan quenching process. Due to the poor thermal conductivity and
complex structure of single crystal turbine blade components,
precise control of the thermal history during processing is needed
to avoid incipient melting and to develop optimized mechanical
properties for service applications.

Trial-and-error procedures are adopted to optimize the
processing conditions for the heat treatment of single crystal
turbine blades and considerable reliance is placed on empiricism
and practical experience. However, with the rapid advances in
computing hardware and software, computational fluid dynamics
(CFD) has become an effective tool for studying the heat-transfer
and fluid flow problems. It allows to investigate the effect of
individual factor without changing other experimental parameters
and provides reliable modeling results for optimizing practical
processing conditions. Patankar and Spalding ** presented
furnace simulations to model fluid flow and heat transfer in

three-dimensional furnaces and qualitative predictions show
good agreements with experimental validations. Kang and
23]

Rong " proposed a hybrid method of analytical equation and

numerical calculations using empirical correlations for natural

1. ¥ researched the effect of heat

and forced convection. Li et al
transfer coefficient, the preheat temperature and the quenching
temperature on residual stress, hardness, distortion and other
quenching results in the process of high pressure gas quenching.
Morsi Y, et al. ** adopted a transient flow model and Wang et al.
P91 established the flow and heat-transfer model to simulate the
high pressure gas quenching process of a large H13 die based
on the CFD package, respectively. Numerical simulation has
been carried out by Francesco Cosentino et al.””>

temporal evolution of temperature distribution inside the treated

! to predict the

component, to calculate heat transfer coefficients, to analyze
the homogeneity of heat transfer, and to model the flow field
in the furnace during heat treatment of single crystal Ni-based
superalloys. Much previous work focused on the high pressure
gas quenching process of die steel. Although gas fan quenching
process simulation with CFD has been investigated for vacuum
heat treatment of single crystal Ni-based superalloys”*”, the
results have considerable discrepancy for industrial production
practice. They subdivided the laboratory scale vacuum furnace in
three separated models, which run individually and are coupled
by transferring boundary conditions, and the effective thermal
conductivity are neglected in simulation. The temperature
distribution for the components is ignored. These simplifications
and approximations may bring out errors and discrepancies
for practical vacuum heat treatment of single crystal Ni-based
superalloys.

DD6 alloy is a low cost second generation single crystal Ni-
based superalloy, which contains lower rhenium, possesses superior
tensile properties, creep rupture properties, oxidation resistance
and hot corrosion resistance compared with its counterparts
PWA1484, CMSX-4, SC180, and René N5 "**'! and can be
utilized to manufacture the turbine blades for aero-engines and
industrial gas turbine engines. However, numerical modeling
for the vacuum solution heat treatment and gas fan quenching
process of DD6 turbine blade is rarely reported in literature.
The objective of present research is therefore to systematically
investigate the vacuum solution heat treatment and gas
quenching process of DD6 turbine blade. The numerical heat-
transfer and turbulent flow model based on the CFD software
package and the practical 3D-reconstruction of an industrial
high-pressure quenching vacuum heat-treatment furnace
is established to simulate the heating, holding and gas fan
quenching process of DD6 turbine blades.

1 Set-up of vacuum furnace chamber

The high pressure gas fan quenching vacuum heat treatment
furnace used was manufactured by Beijing Huaxiang Vacuum Heat
Treatment Equipment Co. Ltd. with the model of HZQ-100. The
cylindrical chamber of vacuum furnace and its geometry are shown
in Fig. 1(a) and (b), respectively. The working dimensions of the
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(a) Cylindrical chamber of vacuum furnace

Nozzles

Heating belts

Loading tray

Support

(b) Geometry of the furnace chamber

Fig. 1: Cylindrical chamber of high pressure gas fan quenching vacuum furnace (a) and corresponding

geometry of furnace chamber (b)

furnace are 300 mm x 300 mm X 400 mm with a recommended
load of up to 80 kg and a loading tray made of refractory steel. Gas
enters the chamber from circumferential nozzles and the hot gas
leaves the heating chamber through outlet. The gas is recycled in a
continuous gas quenching process when the hot gas flows through
the heat exchanger and cools down.

The free outlet structure in the furnace chamber is shown in
Fig. 2. The free outlet is a square outlet of 180 mm x 180 mm,
which is connected to the circulating air tube of the vacuum
furnace. The effect of the free outlet structure on the flow field is
also considered.
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Fig. 2: Schematic illustration of free-outlet chamber
structure

The solution heat treatment including heating, holding and gas
fan quenching was performed according to the standard solution
heat treatment schedules of DD6 alloy, as shown in Fig. 3.
The temperature program was heating at 3 °Cemin” from room
temperature to 1,290 °C. The turbine blade was heat treated at
1,290 °C for 1 h, 1,300 °C for 2 h, and 1,315 °C for 4 h. At the
final stage of solution heat treatment, the turbine blades were
immediately gas furnace quenched using high purity forced high
pressure argon flow with a cooling rate larger than 300 °Cemin™.
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Fig. 3: Schematic illustration of standard solution heat
treatment schedules for DD6 alloy

2 Formulation of vacuum solution
heat treatment process

2.1 Transport equations in heating and
holding stage

In the heating stage, the heat transfer mode in furnace chamber
is heat radiation and heat conduction. It is assumed that the
radiative heat transfer occurs at a vacuum condition and
therefore the surface-to-surface (S2S) method is applied to
simulate the radiative heat transfer. The radiation depends only
on the surface of the heat transfer, and the medium heat transfer
is ignored. The object of radiation heat transfer is considered to
be all gray body, and the reflection is seen as a diffuse reflection.
The reflection between two surfaces meets the formula as:

Q>
A = P06, (T} —T1) a

2
where O, is the net heat flux, 4, is the area of the radiative
surface, o is the Stefan-Boltzmann constant, ¢, is the emissivity
of the radiative surface, 7| is the temperature of radiative surface
1, T, is the temperature of radiative surface 2, F,, is the view

factor between the two surfaces and defined by

1 cos(6;)cos(8,)dA,
Fyy = H—Azf dAzf Z) v

)
where 6, and 6, represents the angle between the surface normal
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and a ray between the two differential areas, respectively. ,, is
the distance between two surfaces.
The radiation exchange of the surfaces is described by

N

Z (Fijl;gj)%= Z F}ja(i}4_Ti4) 3

j=li=j jelizj

where ¢, is the emissivity of surface ;.
The transport of energy for the solid is described by

dpH _
T V- (AVT) = S, ¢}

where p is the mean fluid density, H is the total enthalpy, 4 is the
thermal conductivity, T is the temperature, S, is the source term.

2.2 Transport equations during gas fan
quenching

Flow and heat transfer during cooling process are investigated
using CFD model. Only the forced convection is considered. The
buoyancy caused by the natural convection and density change
is neglected. The heat transfer mode during the quenching
process is convection heat transfer and heat conduction and the
radiation heat transfer is neglected "***, When the Reynolds
number (R,) is greater than the critical Reynolds number during
gas fan quenching, the fluid flow treated as the turbulent flow.
Turbulent flow model applies the two-equation x-¢ turbulence
model. The governing equations for the continuity equation,
momentum equation, energy equation, turbulence kinetic energy
equation and turbulence dissipation rate equation are as follows:
Continuity equation
ap

S,V () =0 4]

where p is the mean fluid density and U is the velocity, ¢ is the
time.
Momentum equation

apU
%+ Ve (pU X U) =V (e, VU) = =Vp + V- (e, (VD7) + B (§

where B is the body force, p is the pressure, and u,; represents
the effective viscosity:
Mepp = U+ Uy 0

where u and u; are laminar viscosity and turbulent viscosity:

prl k2

=" e =Cp— @®)
W= M =Gp

where Re is the Reynolds number, V, is the fluid velocity,
[ is characteristic length, u is solved by using definition
of Reynolds number. u; is solved by using x-¢ turbulence
model, in which k represents tn bl ence k netic energy, and ¢
represents tn b ence d ssipation rate. C, is a mod | constant
gving nTabel

Energy equation for the fluid

%-%—V-(pUH)—V-(&VT):Sh (¢

where H is the total enthalpy, ¢ is time, 4 is the thermal
cond tivity, T'is the temperatn e, S, is the son ce term.

Energ g tion for thesolid sgvenin Eq % .

To b ence k netic energ g tion

dpk Hr o
LE+V- (pUR) -V ((“+a_k)Vk)G“ pe  (10)

where o, is a model constant given in Table 1. G, is the
g neration of tn b ence k netic energ (as kow nask)d to
the mean velocity gradients, and defined by

2
Gy = VU - (VU + (VU)) —§V'U(MTV' U+pk) (1)

Tn b ence d ssipation rate eg tion

‘Z—:) Ve) - %(clck —Cpe) (2

dpe
W+V-(pUe) —V-((.u+

where C, and C, are mod 1 constants g ven in Tab e 1

Table 1: Constants used for k-¢ model calculation
C‘_, C1 Cz ok 0'5

0.09 1.44 1.92 1.0 1.3

2.3 Boundary and initial conditions

In the model of ramping-up stage, the initial heating temperature
is room temperature. The heating source is simplified on
annular heating belts and the temperature boundary condition
of the heating belt is calculated by User Defined Function
(UDF) method in Fluent V13 ANSYS. It is considered that the
temperature of heating belts is homogeneous. The condition
of the chamber walls is considered to be adiabatic condition
as the walls are molybdenum metal heat insulations. In the
model of quenching stage, it is assumed that the furnace walls
are adiabatic, no slip condition is adopted in the wall surfaces,
and during the quenching process, the gas velocity entering
the furnace chamber through every nozzle is a constant. The
gas is argon, and the operating pressure is constant from 3 bar
to 9 bar. It is considered that the components temperature is
homogeneous, and the initial quenching temperature of loading
tray is 1,315 °C. The velocity, temperature, pressure, turbulent
kinetic energy, and turbulent dissipation rate of inlet gas are
uniformly distributed on the inlet cross section, and the same
inlet conditions of all nozzles are set.

2.4 Material properties

In simulation, for the argon gas, the ideal incompressible model
was used, which means the density of argon is constant during
computation. The thermal conductivity and heat capacity of
DD6 alloy are defined as piecewise-linear function of the
temperature from room temperature to 1,315 °C, which is given
in Table 2. The loading tray is considered to be conduction solid
with physical properties of refractory steel.

2.5 Finite volume method modeling

The commercial CFD software package Fluent V13 ANSYS
was employed for the calculation and modeling. The mesh of
the practical vacuum furnace chamber model is shown in Fig. 4.
The amount of cells ranges from 900 thousand to 3.5 million
depending on the number of loading blades. The numerical
analysis was performed with a control volume approach, and
all equations were solved using the second-order upwind
discretization for convection and SIMPLE algorithm.
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Table 2: Thermal conductivity and heat capacity of DD6 alloy

[34]

Temp. (°C) 100 200 300
Thermal conductivity
(Wem'+°C™) 8.00 945 11.15
Heatcapacity 558 0392 0.427

(J.g-1.oc-1)

Fig. 4: Mesh of furnace chamber model

3 Results and discussion

3.1 Load-free experiment

A load-free heating experiment was
conducted. Figure 5 shows the experimental
condition and the thermocouple points in
the loading tray.

Numerical simulations with different
boundary conditions during no-load
heating were carried out. Figure 6 shows
the temperature curves at thermocouple
points. Figure 6(a) shows the simulated and
experimental temperature results at point 1,
which indicates that the simulation result
with UDF power input boundary condition
is more approached to the experiment
results. Figure 6(b) shows the simulated
and experimental results of different
points. The temperature difference between
different points in loading tray gradually
reduces, and the simulation results are close
to the experiment results as the heating
processes.

3.2 Temperature field
prediction during heating
and holding process

Figure 7 shows the temperature curves of
surfaces on heating belts, turbine blade and
a unit of loading tray during the heating
process. In the initial stage of heating,
different heated units have different
thermal responses. According to radiative
and heat transfer, the response rate of units

406

400 500 600 700 800 900 1000 1100 1200 1300
13.4 15.35 17.60 20.20 22.30 24.55 26.80 28.95 30.90 33.20
0.462 0.496 0.531 0.566 0.600 0.635 0.669 0.704 0.739 0.733

to temperature variations depends on thermal physical properties of material,
radiation shape factor and component structure in which those units are located at.
Figure 8 demonstrates the temporal evolution of temperature distribution for single
turbine blade during heating and holding stage. It indicates that the temperature
of blade is higher than that of loading tray during initial heating and holding
stage [Fig.8 (a) and (b)]. For the temperature field of a single turbine blade, the
temperature uniformity during holding [Fig. 8(d) and (f)] stage is better than that
during heating stage [Fig. 8(c) and (e)]. During heating, temperature distribution
temperature distributions at the sharp corner and thin wall of single turbine blade
are higher than that at the thick wall (such as tenon) of single blade [Fig. 8(c)]. The
complex curved surface structure of turbine blade itself also have an effect on its
heating process. Specifically, the temperature of sheltered units is lower than that
of the air current channel within a blade and the complicated structure of tenon
connection region of a turbine balde, even if the sheltered units in the thin wall [Fig.

8(e)].

1500 12
—— Experimental L (b) —— AT, experimental
. Numerical (without UDF) —— AT, experimental
1300 | - Numerical (with UDF) 7 10 e AT mumerical
) B
---------- & T, numerical
< 100 .8
@ £
2 e
g 900 3 5 H
3
= L
700 @ 4
500 2
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300 R . s . 0 \ r n n : :
) 60 120 180 240 300 360 420 60 120 180 240 300 360 420

Time (min) Time (min)

Fig. 6: Comparison of simulated (with UDF) and experimental temperature
curves at different points in loading tray: (a) temperature curves in
point 1; (b) temperature curves between point 1 and point 2 (AT,,),
point 1 and point 4 (AT,,)
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Fig. 7: Simulated temperature curves of surfaces on heating

belts, turbine blade and loading tray during heating
process

Temperature

3.3 Effect of number of blades during heating
and holding process

Figure 9 shows the loading pattern of multiple blades in one
layer and double layers. The effect of multiple blades in single
layer and double layers on temperature distribution during
heating and holding is demonstrated in Fig.10 and Fig.11,
respectively. The temperatn e field d strih ion of bad s in a
single layer is close to that they have not been sheltered [Fig. 10
(a)]. During heating and holding process, the temperature field
uniformity does not change with alteration of the locating places
due to the temperature difference among the multiple blades is
smaller than that of a separate blade [Fig.10(a) and (b)]. The
temperature distribution of multiple blades in double layers is
homogeneous during heating and holding stages. There is no
obvious shelteration among multiple blades with double layers
and the temperature field distributions are almost identical for
all blades [Fig. 11(a) and (b)].
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796 15535 798
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(a) heating, t=3 h (b) holding, t=8 h (c) heating, £=3 h
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(d) holding, t =8 h

(e) heating, t=3 h

(f) holding, t=8 h

Fig. 8: Temperature distribution of single blade at different time during heating and holding stages in vacuum furnace: (a)
and (b) temperature field in furnace; (c) and (d) temperature profiles on turbine blade surface; (e) and (f) temperature

distribution in different sections of turbine blade

Fig. 9: Loading pattern of multiple blades in a single layer (a) and double layers (b)
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Fig. 10: Temperature distribution of multiple blades with one layer during heating and holding stages
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Fig. 11: Temperature distribution of multiple blades with double layers during heating and holding stages

3.4 Flow field prediction during gas fan components, the flow is weak at the side facing the nozzle, but the
quenching process flow is strong at the side close to the exhaust fan in the constant

The flow field has significant influences on the temperatu ¢ zone.

temperature distribution and the cooling rate of turbine

blade during gas fan quenching continuous cooling Velocity magnitude
process. Figure 12 presents the flow field prediction in i

the furnace, including the distribution on an axial cross

section and two circular cross sections. Higher flow

velocity is observed in the position close to the nozzles

and the fan in section 1 and section 2 (Fig. 12). There

are significant differences of flow field on circular cross

2 \

section 2 and section 3, which is relevant to the axial
distribution of nozzles. The complex structure of the
practical vacuum chamber furnace has been considered,
including the heating belt, the loading tray, and free
outlet, which has different effects on the flow field, as
illustrated in Fig. 13 and Fig. 14. Though the heating
belts are close to the nozzle, the effect of gas flow is small
(Fig. 13). The loading tray has strong disturbances to
the flow field, and the high-speed gas flows out from
the nozzle is divided by loading tray, resulting in the
violent d stn b nce (Fig 4 . The free ot1 let enhanced
the two vortex flow at the end of the furnace door. When 1- flow field distribution on an axial cross section,

a vortex exists at the end of the furnace d the fl . 2-on a circular cross section in which the nozzles are shown,
Vortex exists ot the ¢e door, ow1s and 3- on a circular cross section which is between nozzles

strong at the places away from the fan and weak in the . . . . o
Fig. 12: Simulation results of flow field distribution in furnace

constant temperature zone (Fig. 14). For the quenched during gas fan quenching
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Velocity
magnitude

30
28
26

Fig. 14: Flow field with (a) and without a free outlet (b)

3.5 Temperature field prediction during gas fan
quenching process

Figure 15 shows the cooling curves of an identical unit on blades surface under
different pressures, indicating that the cooling rate is increased with the increase
of the pressure. Figure 16 shows the change of temperature fields with time in
the furnace under the pressure of 6 bar. The cooling rate of the loading tray is
greater than that of the blade. It also can be seen that the circumferential cooling
rate for the loading tray and blade is greater than that of the axial cooling rate.
The local cooling rate for the loading tray changes obviously with the positions
of the nozzle. The closer to the nozzle, the greater the cooling rate is.

Figure 17 demonstrates the temperature field evolution of a single blade
during gas fan quenching. The complex structure of the blade itself leads to
the non-uniform cooling, and the temperature of the unit at the thin-walled part
is lower than that of the unit at the thick-walled part [Fig.17(a) and (b)]. The
cooling temperature curves at different parts of the blade is presented in Fig.
17(e). The cooling rate at the sharp corner is greater than that at the tenon and
blade platform. As shown in Fig. 17(c) and (d), the temperature at regions close
to the internal position is decreased more slowly than that close to the surface.

3.6 Effect of number of turbine blades during gas fan
quenching process

Figure 18 shows the flow filed distribution surrounding the multiple blades in

Temperature (K)

Fig. 15:

CHINA' FOUNDRY

one layer on a circular cross section. It
indicates that the closer to the exhaust
outlet and the nozzle for the blade,
the greater the flow velocity is and
the more the adequate flow is. Figure
19(a) and (b) shows the temperature
distribution on surfaces of multiple
blades in one layer at different time.
Although the temperature at the sharp
corner or thin wall in the blade that
close to the nozzles is much lower,
the temperature field distribution of
blades in one layer is almost parallel
[Fig. 19(a) and (b)]. Figure 19(c)
and (d) presents the temperature
distribution on the section of the
blades. The cooling rate inside the
air current channel is lower than
that of at the position near the blade
platform and tenon, and the effect of
the blade location to the nozzles on
the temperature field inside the blade
is lower than that on the blade surface
[Fig. 19(c) and (d)].

Simulation investigations are also
conducted for multiple blades in
double layers. The flow field around
the multiple blades in double layers is
shown in Fig. 20. It indicates that the
flow velocity is low and the flow is not
uniform for blades in the second-layer
due to the shielding of the first-layer
blade. Figure 21 shows the temperature
distribution of multiple blades in two
layers at different times. The cooling
rate of the blades in the second-layer is
obviously lower than that in the first-
layer. The locating place has significant

1550 ¢
1500 3 bar
1450 ¢
1400 +
1350 6 bar
1300
1250 9 bar
1200 -
1150
1100
1050 & . ‘ . .
10 20 30 40 50 60
Cooling time (s)
Temperature in same point on surface

of blade evolves as a function of time
under various pressures during gas
furnace quenching
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Fig. 16: Temperature distribution in
furnace at different times
during gas fan quenching
under pressure of 6 bar

influences on the cooling rate of whole blade.
The cooling rate of the blade close to the
nozzles in the first-layer is higher than that of
the blade away from the nozzles in the second-
layer. Additionally, the temperature distribution
on blades in the same layer is almost parallel,
which is similar to the simulation results for the
one layer. Figure 22 shows cooling temperature
curves at different positions of the blade.
It demonstrates that the blade structure has
important effects on the local cooling rates for
the blade in one layer. The cooling rate in the
thin wall position of the blade away from the

nozzles is larger than that in the tenon of the

‘Q\ Q blade closer to the nozzles in the same layer.
Teiperativs However, the cooling rate of the second-layer
1400 is much lower in both thin wall and tenon for

‘% 1200 << 1300

1100 Yy 160 the blades away from the nozzles in different

: 1000 1000
% t 900 layers.
=2 £ 800 .
gy ™0 “Ql 0 From the numerical results presented above,

1Kl the temperature field is affected by the heat
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gas fan quenching: (a) and (b) temperature profiles on blade

surface, (c) and (d) temperature distribution in different sections of Fig. 18: Flow field surrounding multiple
blade, and (e) temperature curves at different parts of blade blades in one layer
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the temperature field for the blades in furnace. During gas fan
quenching, more attention is paid to the manipulation of the
cooling rate. There are some similarities for the influence of
number of turbine blades during the gas quenching process with
that during the heating and cooling process. The temperature
change of the thick-walled part is slower than that of the thin-
walled part. The temperature uniformity of a single layer turbine
blade during heating and cooling can be controlled by the
requirement of the heat treatment for the multiple components.
However, the cooling rate is difficult to meet the requirement for
turbine blades in two and more layers.

4 Conclusions

The numerical heat-transfer and turbulent flow model are
established tomodel the heating, holding and gas fan quenching
process of a low rhenium-bearing Ni-based single crystal turbine
blades based on the CFD software and the practical chamber
3D-reconstruction of an industrial high-pressure quenching
vacuum heat-treatment furnace. The following conclusions can
be concluded:

(1) In load-free heating process, simulation result with UDF
power input boundary condition is approached to the experiment
results. Simulation results demonstrate that the turbine blade
geometry, the shielding of the blade its own and the shielding
among blades has significant influences on uniformity of the
temperature distributions. The temperature distribution at the
sharp corner, thin wall and corner part is higher than that at the
thick wall part of turbine blade during heating process, and the
isotherms show a toroidal line to the center of the thick wall.
The temperature uniformity during holding stage is better than
that during heating stage. The temperature of sheltered units is
lower than that of the remaining part of turbine blade. When
there is no shelteration among multiple blades, the temperature
distribution for all turbine blades is almost identical, and the
temperature difference among the blades is smaller than the
difference for the blade itself.

(2) The loading tray, free outlet and the place of turbine blades
have important influences on the flow field. The high-speed gas
flows out from the nozzle is divided by loading tray, and the free
outlet enhanced the two vortex flow at the end of the furnace
door. The turbine blade is closer to the exhaust outlet and the
nozzle, the flow velocity is greater and the flow is more adequate.
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(3) The cooling rates are enhanced with the increase of the
pressure, and the complex structure of the turbine blade plays
a crucial role in the temperature distribution for a single blade
during gas fan quenching. The cooing rate at the thin-walled part
is lower than that at the thick-walled part, the cooling rate at the
sharp corner is greater than that at the tenon and blade platform,
and the temperature at regions close to the internal position is
decreased more slowly than that close to the surface.

(4) The locating place and the complex structure of the
components have significant impacts on the cooling rates.
However, the effects of complex structure of turbine blades in
double layers differs from that in single layer.

(5) The effects of complex structure of turbine blades in
double layers differs form that in single layer. For multiple
blades in single layer, the temperature at the sharp corner or thin
wall in the blade that close to the nozzles is much lower, the
temperature field distribution of blades is almost parallel. The
cooling rate inside the air current channel is lower than that of at
the position near the blade platform and tenon, and the effect of
the blade location to the nozzles on the temperature field inside
the blade is lower than that on the blade surface. For multiple
blades in double layers, the flow velocity is low, and the flow is
not uniform for blades in the second-layer due to the shielding
of the first-layer blade. The cooling rate of the blades in the
second-layer is lower than that in the first-layer, the cooling rate
of the blade close to the nozzles in the first-layer is the higher
than that of the blade away from the nozzles in the second-
layer, the temperature distribution on blades in the same layer is
almost parallel, which is similar to the simulation results for the
first layer. The cooling rate in the thin wall position of the blade
away from the nozzles is larger than that in the tenon of the
blade closer to the nozzles in the same layer. The cooling rate of
the second-layer is much lower in both thin wall and tenon for
the blades away from the nozzles in different layers.
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