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ABSTRACT Currently, how to release the heat accumulated in the molten pool rapidly is the key factor in
blade repair. We analyzed the problem of the current cooling method in blade additive manufacturing repair.
Based on cooling effect, we proposed an advanced flexible multiflow path fixture cooling method for blade
additive manufacturing repair.We created a coupled heat transfer model and deduced the heat transfer law for
multiflow path conjugate flexible clamping. We obtained the optimal cooling scheme for flexible multiflow
paths through numerical analysis. We built an experimental platform and tested the cooling effect of the
fixture prototype by experiment. The results show that compared with the current cooling method, the new
cooling method not only can lower the initial temperature of the fixture rapidly and realize the steady-state
heat transfer between the fixture and the flow path quickly but can also significantly enhance the ability of
fluid to participate in heat transfer in new flow paths, which significantly improves the cooling effect. The
research results are of great significance for the improvement of aero blade additive manufacturing repair.

INDEX TERMS Cooling method, blade repair, flexible fixture, numerical analysis, heat transfer.

I. INTRODUCTION
In additive manufacturing repair of aviation compressor
blades, the heat accumulation in the molten pool usually
reduces the repair quality of the blades. Under the condition
of effective heat input, how to release the heat accumulated
in the molten pool rapidly is the key factor in blade repair.
Currently, the fixture base cooling method with a single flow
path is widely used in civil aviation maintenance, and it can
achieve an effect when a single material with low additive
height (less than 1 mm) is added [1]. However, it is difficult
to achieve better repair quality with a second additive man-
ufacturing repair or larger additive manufacturing height due
to the increased cooling requirements.

Additive manufacturing repair of compressor blades is
mainly aimed at 4∼9 stage blades, which are ultrathin alloys
with very small volumes. The repair is a kind of high standard
surface welding. The fluid flow should be considered in
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addition to the overall heat transfer characteristics [2], [3].
Forced cooling of fluid is an effective cooling method in
welding, which mainly includes air jet impact cooling [4],
liquid gas cooling and water cooling.

On the research of liquid gas cooling in welding, liq-
uid CO2 cooling and liquid N2 cooling are widely used.
The distortion and longitudinal residual stress of weld-
ment can be greatly reduced by liquid CO2 cooling [5].
Murhid et al. [6] studied the post-weld mechanical proper-
ties of carbon steel friction stir welding and the relationship
between the microstructure and the cooling rate, and they
pointed out that, comparedwith natural cooling, rapid cooling
with liquid CO2 enhanced the mechanical properties of the
welded joints. Hideki et al. [7] used two kinds of liquid N2
cooling methods to cool laser-welded ultrafine grain steel,
and they analyzed its effect on the size of the heat-affected
zone. Method 1 fixed the welded specimen in static liquid
nitrogen through a fixture; method 2 fixed the test piece on
the liquid nitrogen channel and analyzed the influence of
the liquid nitrogen depth and the initial temperature on the
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heat-affected zone. Manikandan et al. [8] designed a method
to process the flow channel in the welding pad and introduce
liquid nitrogen to cool the TIGwelding process of nickel base
alloy. They studied the effect of liquid nitrogen flow rate on
the formation of interdendritic Laves phase [9] and pointed
out that forced cooling method could effectively reduce the
generation of Laves phase but the inflow rate and boiling rate
of liquid N2 is difficult to balance. In the process of liquid
gas cooling, the controllability of the cooling rate and the
uniformity of fixture temperature need to improve due to the
fast flow rate and local supercooling.

On the research of water cooling in welding, Perret
and Biswal [10] proposed an optimized radiator struc-
ture based on a theoretical model and performed exper-
imental verification, the optimization results are in good
agreement with the experimental data, and they obtained a
rapid design and optimization method for a water-cooled
radiator. J. Guisheng et al. [11] designed and optimized a
kind of plate water-cooled radiator by using the unified
dimensional method, and achieved good cooling effect.
S. Shixuan et al. [12] set four cooling conditions: natural
cooling, air cooling, atomizing water cooling and underwater
cooling, and then, they analyzed the welding effect under dif-
ferent cooling conditions through comparative experiments.
Shi Kangling et al. [13] designed a water cooling structure
of the base plate at the bottom of the weld and adopted a
forced cooling method by passing water into the flow channel
after welding. Fan feiwen et al. [14] proposed a new water
cooling system based on K-TIG welding by setting a cool-
ing channel under the welding table. The principle of this
method is comparable to that of Ref. [8] and Ref. [20]. The
cooling medium is introduced into the copper plate under
the workpiece, and the forced cooling of the fluid is used
to cool the copper plate, so as to increase the temperature
difference between the copper plate and the workpiece. The
experimental results show that the width of weld and the
volume of the molten pool can be significantly reduced by
using this cooling system structure. Wen Peng et al. [15] used
the dynamic back cooling method with cooling water as the
medium to control the instability and deformation of the thin
plate during laser welding. The optimal cooling parameters
were obtained by optimizing the distance between the cold
and heat sources and the flow rate of the cooling water. The
experimental results showed that when the number of copper
blocks in the fixture is increased to 8 and auxiliary cooling is
used, the deformation of the thin plate is at the minimum.

Spray cooling is an effective cooling method in the field
of aerospace [16], [17]. JiXiang Wang, et al. [18] developed
a novel fluidic organization to realize the application of an
airoriented spray cooling system. They developed design
procedures of the ejector, fabricated a practical ejector and
optimized the state of the input high-pressure air and water
which is used to generate the spray flow according to the
cooling performance, attained basic thermal laws regarding
the gas-atomized spray cooling. On the basis of the research
of Ref. [18], they also provide a ground-based experimental

investigation of the gas-atomized spray cooling using various
micro-structured surfaces and a flat surface [19]. They orga-
nized a comparison of spray cooling performances using the
gas-atomized nozzle and pressure nozzle and point out that
the gas-atomized spray cooling possesses a huge superiority
where a heat transfer coefficient can be enhanced by 234%.
Sun Jiamin et al. [20] studied the temperature field of elec-
troslag welding joints under three cooling conditions, such
as air cooling, copper cooling and spray cooling. Through
the simulation calculation of the temperature field of the
characteristic point, the thermal cycle curve of the character-
istic point and the residence time above the phase transition
temperature under three cooling modes are given. However,
for welding, because of the divergence of the fluid and the
scattering degree between the fluid and the contact surface,
therewill be a large deviation between the fluid properties and
the simulation calculation, so the cooling speed is difficult to
measure accurately.

In addition, Numerical analysis and computational fluid
dynamics (CFD) are necessary means to study fluid cool-
ing. Imane Khalil et al. [21] proposed a three-dimensional
numerical simulation to quantify the design specifications
of a heat exchanger (heat sink) with the directional chan-
nel of heat plate expansion. The results of the CFD simu-
lation showed that the heat transfer performance of a heat
plate is improved under various conditions, and the correct-
ness of the model was verified by the experimental results.
Marcin Sosnowski et al. [22] investigated the possibility of
implementing an innovative multidisc sorption bed combined
with a heat exchanger into adsorption cooling technology
experimentally and numerically, and they incorporated a
sorption model developed in-house into the commercial CFD
code in the analysis [23].

The compressor blade of a new CFM56 series engine
uses ultrathin alloys with a partial tip thickness of less
than 1.5 mm. The two main repair methods currently used
are Micro plasma arc welding (MPAW) surfacing and laser
cladding [24]–[26]. Compare with laser cladding, MPAW is
a low-costmetal joining technique for ultrathin alloy due to its
inherent ability to control a constricted arc with low amperage
current [27], [28]. However, due to the structure of current
fixture, heat conduction distance between clamping contact
surface and the fluid is long, how to improve the cooling
effect is a key problem worthy of study in MPAW blade
repair.

In order to achieve better cooling effect, this paper, on the
basis of our previous study in optimal heat input [29], [30],
an advanced flexible multiflow path fixture cooling method
for additive manufacturing repair of aero blades was pro-
posed according to the characteristics of MPAW blade repair.
In Section 2, the problem of current cooling method was ana-
lyzed through numerical analysis. Then, the design of a flexi-
ble multiflow path fixture was introduced in Section 3 and the
cooling effect of the new method was calculated by modeling
and simulation in Section 4. The cooling effect was verified
by experimental prototype in Section 5.
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FIGURE 1. MPAW repair fixture: ¬ Movable copper bonds.  Clamping structure. ® Welding test piece. ¯
Aluminum frame. ° Protective gas pipeline. ± Coolant pipeline.

The research is of great significance for the improvement
of blade additive manufacturing repair technology in aviation
maintenance.

II. PROBLEM ANALYSIS OF THE FIXTURE BASE
COOLING METHOD
A. FINITE ELEMENT MODEL OF THE HEAT
TRANSFER STRUCTURE
Currently widely used structure of the fixture base cooling
method is shown in Figure 1. It is mainly composed of a
copper heat-dissipating clamping structure and an aluminum
frame. Two groups of horizontally movable copper bonds,
similar to piano keys, are mounted on the clamping struc-
ture. Since the heat dissipation is mainly concentrated on the
portion of the copper fixture that is close to the clamping
surface, the model design considered only the copper clamp-
ing structure to simplify the calculation. Considering that the
partial curvature of the blade clamp is small, in this study,
a 1-mm-thick Inconel718 alloy rectangular sheet was used to
simulate the compressor blade. The size of the alloy specimen
is 65 mm×30 mm×1 mm. Since the fixture is a symmetrical
structure, to simplify the calculation, one-half of the section
of the test piece is taken as the plane of symmetry, and a
finite element model is established; the meshing and mass
distribution are shown in Figure 2.

A dense mesh was applied to the upper surface of the
test piece and the front and upper ends of the copper bond,
and a loose mesh was applied to the remainder. The grid
contains 215,852 units, of which the smallest unit size is
1.79 × 10−5 m, the maximum unit size is 0.00179 m, the
maximum unit growth rate is 1.3, and the average grid qual-
ity is 0.6522. Based on this mesh generation, fluid mesh
generation is added, and five layers of boundary layer mesh
are applied to the wall surface of the fluid that contacts the
fixture, with a stretch factor of 1.2 and a thickness adjustment
factor of 1. The boundary layer mesh generation is shown
in Figure 2(c).

B. WALL FUNCTION AND FLUID BOUNDARY CONDITIONS
The design domain is located at the distance δw from the wall:

δ+w = ρuτ δw/µ (1)

where uτ = C1/4
µ

√
k is the friction velocity, which is

equivalent to the distance between the logarithmic layer and
the viscous sublayer, with a value of 11.06. The boundary
conditions and the shear stress conditions of the velocity are
shown in equations (2) ∼(5):

u · n = 0 (2)

n · σ − (n · σ · n)n = −ρuτ
u
u+

(3)

σ = µ
(
∇u+ (∇u)T

)
(4)

uτ = max

(
|u|

1
κv

ln δ+w + B
,C1/4

µ

√
k

)
(5)

where σ is the viscous stress tensor, κv is the Karman constant
(the default value is 0.41), and B is the constant with a default
value of 5.2. The turbulent kinetic energy obeys the uniform
Neumann condition n · ∇k = 0, and the boundary conditions
of ε is as follows:

ε =
C3/4
µ k3/2

κvδw
(6)

Then, the fluid boundary conditions of the model are set as
follows:

(1) Tap water with a temperature of 10 ◦C is used as an
incompressible fluid;

(2) The right side of the channel is the inlet of the flow, and
the velocity boundary conditions are applied to convert four
kinds of velocity into the normal velocity of the flow to the
cross-section;

(3) The left end of the flow channel is the outlet, and the
pressure boundary condition is adopted. The outlet pressure
is set at 0 Pa to restrain the reflux;

(4) The wall boundary condition is set to not slip.
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FIGURE 2. Meshing and mass distribution: (a) Finite element mesh generation and symmetry surface. (b) Mesh quality.
(c) Boundary layer mesh generation.

C. PROBLEM ANALYSIS
The sectional view of the base cooling fixture is shown
in Figure 3. To analyze the cooling problem of the fixture
base cooling method accurately, three groups of simulation
experiments were set up. The cooling time and heat taken
away were calculated with the change in parameters.

FIGURE 3. Sectional view of the base cooling fixture.

The simulation scheme is shown in Table 1, where V is the
flow rate of the cooling water, T is the inflow temperature,
L is the horizontal distance between the flow path center and
the base edge, t is the cooling time (represents the time when
the temperature rises from 650 K to the highest temperature
and then drops to 650K) of themiddle position of the welding
surface, Q is the average heat carried away by cooling water
per second in cooling time t .

The first group of simulations analyzes the influence of
different cooling water flow rates V on the cooling effect of
weldments, and the results are shown in Figure 4. From the

TABLE 1. Three simulation schemes.

laminar flow to turbulent flow, t decreases with the increase
in V , Q increases with the increase in V , and the trend
is gradually steeper and then slower. The convective heat
transfer effect is stronger in turbulent flow than in laminar
flow because internal particles always move in a straight line
along the flow direction. The particles or flow layers are not
mixed with each other. In turbulent flow, particles not only
move along the flow direction but also move perpendicular
to the flow direction. The particles or flow layers are mixed
with each other, which increases the heat transfer between the
cooling water. Compared with V = 0.5 L/min, t is shortened
by 0.186 s at V = 5 L/min, the decrease rate is 5.25%, and Q
is increased by 8.1274 J. However, t and Q tend to be stable
with an increase in V in turbulent flow. When V is 5.0 L/min
and 5.5 L/min, t and Q are 3.542 s, 3.540 s and 41.0478 J,
41.1164 J, respectively, with little change.

The second group of simulations analyzes the influence of
different cooling water inflow temperatures on the cooling
effect of weldment. The results are shown in Figure 5. The
cooling water inflow temperature T is gradually reduced,
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FIGURE 4. Cooling time and heat taken under different flow rates.

FIGURE 5. Cooling time and heat taken under different fluid
temperatures.

from 10 ◦C to 0 ◦C, and there is no significant change in
T or Q. Although Q increases gradually with the decrease
in T , the increment is very small. It can be seen that the fluid
has completely flowed out of the fixture flow path without
sufficient heat exchange with the flow path wall. At 10 ◦C and
0 ◦C, t and Q are 3.542 s, 3.469 s and 41.0479 J, 44.2251 J,
respectively. The cooling time t is shortened by only 0.073 s,
the shortening range was 2.06%, and Q is increased by only
3.1774 J.

The third group of simulations analyzes the effect of differ-
ent flow channel horizontal positions on the cooling effect of
the weldments. We assume that the distance between the flow
path and the lower surface of the copper bond is 1 mm and
changes the horizontal position of the flow path. The results
are shown in Figure 6. The flow path is located in multiple
horizontal positions, but T and Q show no obvious change
with L. The maximum and minimum values of T are 3.548 s
and 3.541 s, respectively, with a change range of 0.20%. The
maximum and minimum values of Q are 41.27 J and 39.83 J,
respectively, and the difference is only 1.44 J. It can be seen

FIGURE 6. Cooling time and heat taken under different Ls.

that the change in L has little effect on improving the cooling
effect.

These simulation results show that regardless of whether
V , T or L is changed, the cooling effect does not change
significantly. Due to the original structural limitations of the
fixture, the vertical distance between the heat source and the
fluid is relatively long, and as a result, the heat exchange
effect of the fluid is not fully utilized. In addition, in the actual
clamping, there are still gaps between the copper bonds and
the base of the fixture, which also affect the cooling effect.

After welding several times, the initial temperature of the
fixture reaches temperatures above 70 ◦C. Figure 7 shows the
heat conduction process of the copper bond under the fixture
base cooling method at the initial temperature of 70 ◦C. The
simulation results show that the time of the fluid cooling
intervention is relatively late. In the first 4 s, the copper bond
is mainly undergoing natural cooling, and then, the fluid heat
exchange begins to intervene slowly, but the cooling rate of
the copper bond is still slow. From the direction of the heat
transfer, enhancing the heat conduction of the copper bond
in the y-z section is helpful for increasing the heat transfer
efficiency.

III. DESIGN OF A FLEXIBLE MULTIFLOW PATH FIXTURE
Since the original fixture base is closely related to the coordi-
nate positioning and control of the MPAW system, the copper
bond design scheme of the flexible multiflow path fixture
keeps the original length of 43 mm unchanged. In addition,
the total width of all of the copper bonds is consistent with the
original fixture copper bonds, such that the original copper
bonds can be replaced, and new copper bonds can be directly
loaded on the original fixture base. Considering that when
clamping a larger blade the curvature of the blade tip after
clamping is smaller, the height and width of the copper bond
are appropriately increased such that there is sufficient space
inside the copper bond to accommodate the flow path. There-
fore, the copper bond of the fixture not only maintains the
original flexible clamping function but can also realize the
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FIGURE 7. The heat conduction process of the copper bond under the fixture base cooling method with a single flow path.

purpose of active turbulent heat exchange in the flow path.
In addition, the integrated design of the flow path and the
copper bond greatly reduces the distance between the cooling
fluid and the main heat dissipation clamping surface under
this solution, thereby achieving better heat dissipation.

The three-dimensional model of the new structure of the
fixture is shown in Figure 8. Eight movable copper bonds are
installed on the base of each side of the fixture. To avoid the
influence of the heat source on the temperature of the inflow
fluid, the side of the flow channel opening near the test piece
is set as the fluid outlet, and the other side, farther from the test
piece, is the fluid inlet. In addition, to facilitate the installation

FIGURE 8. Three-dimensional model of the new structure of the flexible
multiflow path fixture.

of the cooling pipeline, the design inlet is 3 mm higher than
the outlet.

The size and internal structure of the copper bond are
shown in Figure 9. Considering the assembly precision
and structural strength of the copper bonds of the fixture,
the thickness of the copper bonds is designed to be 8 mm,
and the diameter of the inner flow path of the copper bond
is designed to be 3 mm; as a result, the thinnest part of the
copper bond is greater than 2 mm. The height of the contact
surface between the copper bond and the fixture is designed to
be 3.5mm, and the contact area reaches 28mm2. In the design
of the internal flow path route, the principle of the optimal
heat dissipation effect is followed, which enables the wall of
the flow path to be as close as possible to the front clamping
surface, and the nearest distance can be up to 3 mm.

FIGURE 9. Outline dimension of copper bond and schematic diagram of
runner structure.
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FIGURE 10. (a) Clip specific symmetry model; (b) Simplified model of key heat transfer part.

The total length of the flow path in the copper bond is
88.9 mm, the longest straight pipe length is 25.4 mm, and
the second length is 12.4 mm; these are located in the first
two sections of the inlet. After flowing into the copper bond
through the inlet, the fluid immediately reaches the position
that is closest to the contact surface after passing through the
two longest straight pipes and two turns.

IV. MODELING AND NUMERICAL ANALYSIS
A. SIMPLIFIED MODEL OF THE FLEXIBLE MULTIFLOW
PATH FIXTURE
One-half of the cross-section of the test piece is taken as a
symmetrical plane, and a symmetrical model of the clamped
half is established in COMSOL, as shown in Figure 10(a).
We have carried out previous research of thermal resistance
in welding [31], which is indeed a complex problem worth
studying. This paper, we mainly propose a new cooling
method and study the cooling effect. For the current fixture
and the new fixture, when the clamping parts are the same,
the cooling effect mainly depends on the cooling structure
of the fixture itself. Moreover, the volume and curvature of
compressor blades (mainlymaintenance stages 4∼9) is small.
Therefore, in order to simplify the calculation, the rectangular
alloy sheet is used for modeling and analysis.

According to the analysis of the heat conduction mecha-
nism of the fixture in previous research [4], the heat exchange
is mainly concentrated between the test piece and the copper
bond. The rear of the copper bond and the specific base and
cover of the fixture have little effect on the heat dissipation
process. Therefore, in order to reduce the number of grids and
calculation, the base and the cover plate are removed, and the
copper bonds and test pieces are taken as the research objects
to establish a simplified heat transfer model. The research
in this work is mainly based on the simplified heat transfer
model shown in Figure 10(b).

B. MESH GENERATION IN DIFFERENT STAGES OF
FINDING THE SOLUTION
In design that uses flexible flow paths, the model becomes
a coupling model of turbulent flow and solid heat transfer

with multiple flow paths conjugated because the flow paths
are distributed inside the copper bonds. If there is a very fine
grid, even in the simplified model shown in Figure 10(b),
the overall number of units will be close to 10 million, which
will cause the need for an enormous number of calculations
and very high computer hardware requirements, and it will
also increase the probability of nonconvergence. To reduce
the number of calculations and improve the convergence
of the calculation results, the simplified fixture model was
divided into two stages for targeted meshing, and then solved
separately.

The first stage allows the fixture to establish a stable cool-
ing cycle before the welding heat source is loaded, which can
be called the precooling stage of the copper bonds. At this
stage, the fluid through a turbulent heat exchange reduces
the initial temperature of the copper bond of the fixture and
forms a cooling cycle. The initial temperature of the fixture
can be room temperature or a higher temperature after mul-
tiple welding. This heat transfer stage can be defined as the
precooling stage. For the solution in the precooling stage, the
three copper bonds in the middle of the fixture are taken as
the main research objects, and the free tetrahedron mesh is
used for the fine divisions. Since the thermal conductivity
of the red copper is uniform, it is assumed that the density
of the red copper bonds is uniform during the processing,
the remaining copper bonds are divided using conventional
grid accuracy. Because the heat source has not been loaded,
the test piece is not the main thermally conductive solid
at this stage. Therefore, the test piece is also meshed with
conventional precision at this stage. The baffle plates on both
sides show weak heat conduction and can be divided using a
coarsemesh. The first stage of meshing is shown in Figure 11.
For the flow paths in the copper bond, a boundary layer grid
is used; the number of boundary layers is set to 5, the stretch
factor is 1.2, and the copper bond is hidden. The grid division
of the flow paths is shown in Figure 12.

The start of the welding can be regarded as the second stage
of heat transfer, which can be called the welding heat transfer
stage. At this stage, a high-density heat source is loaded on
the upper surface of the test piece, and heat is transferred
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FIGURE 11. Mesh generation in the first stage of heat transfer.

FIGURE 12. Mesh generation of the fluid boundary layer.

downward from the upper surface of the test piece along the
z-x plane. Since the thermal conductivity of the nickel-based
alloy is lower than that of copper, the heat quickly expands to
the y-z plane after reaching the copper bond contact surface,
and it continues to produce a large temperature difference
with the fluid at a distance of 3 mm; the heat will be quickly
conducted in the direction of the fluid. In the second stage,
the main conduction surface of the heat is the contact surface
of the copper bond with the fixture and the part of the test
piece that is higher than the copper bond. The uniform move-
ment of the heat source makes the heat conduction of each
copper bond nearly uniform.

Therefore, in the second stage of meshing, a free tetra-
hedral mesh is still used. A very fine mesh is applied to
the surface where the copper bond contacts the test piece,
the upper surface of the test piece, and the heat transfer
surface between the test piece and the fixture. The same
boundary layer grid is applied, and the conventional mesh is
applied to the copper bond; a coarse mesh was applied to the
remainder. The meshing is shown in Figure 13.

C. DERIVATION OF THE INLET VELOCITY RANGE
According to the design plan, the cross-sectional area of a
single copper bond flow channel is S = 12.53 mm2, and a

FIGURE 13. The second stage grid generation.

smaller cross-sectional area can produce a larger flow rate
and Reynolds coefficient at a small flow rate. According to
the principles of fluid mechanics, when the fluid traverses
the heat exchange tube, the tail vortex will alternately fall off
when the Reynolds coefficient reaches a certain level, which
results in periodic lift and drag, and the Karman vortex excita-
tion at the fluid inlet is defined as fv. In addition, a larger flow
rate will also produce larger turbulent flow energy, causing
the fluid to turbulently chatter, and its frequency is defined
as ft. When the ratio of the natural frequency fn to the heat
exchange tube is greater than 0.5, the pipeline will produce
copper bond resonance. Because the copper bond and the
fixture are rigidly connected and there is an assembly gap
between the copper bonds, resonance will adversely affect
the trajectory of the welding gun and the shape of the molten
pool during the welding process. Therefore, to establish a
condition that ensures the turbulent heat transfer, the inlet
flow rate of the pipeline must be limited.

In the new scheme, the flow path is inside the copper bond,
and the shape of the copper bond is not uniform; thus, it is
not suitable to use the natural frequency calculation method
for the heat exchange tube with a clear wall thickness in
GB/T151. Since each copper bond has the same size and flow
channel size and is placed side by side, the natural frequency
and vibration mode of each copper bond are taken to be
the same. According to the Macdaff-Felga method and the
derivation method recommended by RGP-RCB-4.562 in the
6th edition of TEMA, the calculation expression of the natural
frequency of a single copper bond is the following:

fn =
154.8Cn

l2

√
EJ
mg

(7)

where fn is the natural frequency of the pipe with the same
diameter; Cn is the frequency constant, the subscript n is the
order of the vibration mode; J is the moment of inertia of the
cross-section, and the expression is J = πd4

64 ; d is the pipe
diameter; and g is the acceleration of gravity.
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The calculation expression for the Carmen vortex excita-
tion frequency is

fv = St
V
d0

(8)

where V is the inlet flow rate; d0 is 5 mm; St is the Stroha
number, which is dimensionless; the inner flow path of the
copper bond can be considered to be close to a square arrange-
ment; and St can be found in GB/T151 according to the pitch
diameter ratio.

According to the side-by-side arrangement of the copper
bonds and the pipeline direction inside the copper bonds, half
of the fixture can be regarded as an overall heat exchanger.
Then, the calculation formula for the turbulent buffeting fre-
quency is

ft =
Vd0
lT

[3.05(1−
d0
LT

)2 + 0.28] (9)

where l is the center distance of the inner runner of the
adjacent copper bond, and T is the upper and lower center
distance of the inner runner of the single copper bond.

The calculated inlet flow velocity is V ≤ 6.7 m/s, accord-
ing to the flow velocity relationship, and the correspond-
ing flow Q of a single copper bond is obtained as Q ≤
5 L/min. Considering the structural difference between the
actual structure of the copper bond and the heat exchange
tube, the flow rate range of 2∼5 L/min is the optimal flow
rate range of the flexible flow channel.

D. MODEL EQUATION AND TRANSFORMATION
1) TURBULENT HEAT TRANSFER EQUATION AND
PARAMETER CALCULATIONS
Considering the Re value and the calculation time of the flow
characteristics of water cooling in the smooth tube passage,
the k-ε model is used to simulate the coupled field. The
turbulent viscosity equation is shown in equation 10, where
Cµ is the model constant, and the value is 0.09.

µT = ρCµ
k2

ε
(10)

The transport equation with k and ε as unknowns is as
follows:

ρ
∂k
∂t
+ρu · ∇k = ∇ ·

((
µ+

µT

σk

)
∇k
)
+Gk−ρε (11)

ρ
∂ε

∂t
+ ρu · ∇ε = ∇ ·

((
µ+

µT

σε

)
∇ε

)
+Cε1

ε

k
Pk − Cε2ρ

ε2

k
(12)

where Gk is the turbulent kinetic energy generation term:

Gk=µT

(
∇u :

(
∇u+(∇u)T

)
−

2
3
(∇ · u)2

)
−
2
3
ρk∇ · u

(13)

The relationship between turbulent kinetic energy and the
dissipation rate of turbulent energy is expressed as follows:

ε = 0.09ρ
k2

µ

(
µt

µ

)−1
(14)

where µt /µ represents the turbulent viscosity ratio, which is
proportional to the Reynolds number.

Since the fluid flows along the x-axis, the expansion of
equations 5∼8 are shown in equations 15∼17:

∂ (ρk)
∂t
+
∂ (ρkui)
∂xi

=
∂

∂xj

[(
µ+

µt

σk

)
∂k
∂xj

]
+ Gk − ρε

(15)
∂ (ρε)

∂t
+
∂ (ρεui)
∂xi

=
∂

∂xj

[(
µ+

µt

σε

)
∂ε

∂xj

]
+C1ε

ε

k
Gk − C2ερ

ε2

k
(16)

where C1ε and C2ε are empirical constants, Gk is the gen-
eration term of turbulent kinetic energy, and its expansion
formula is

Gk = µt

{
2

[(
∂u
∂x

)2

+

(
∂v
∂y

)2

+

(
∂w
∂z

)2
]

+

(
∂u
∂y
+
∂v
∂x

)2

+

(
∂u
∂z
+
∂w
∂x

)2

+

(
∂v
∂z
+
∂w
∂y

)2
}

(17)

The relevant model parameters set in this study are the
following: C1ε = 1.44, C2ε = 1.92, σk = 1.0, and σε = 1.3.
The corresponding expression of the turbulence intensity I is

I =
u′

u
= 0.16 (Re)−1/8 (18)

2) DERIVATION OF THE TEMPERATURE SOLUTION
EQUATION OF THE COUPLED HEAT TRANSFER SECTION
In the repair process, the energy is transmitted from the blade
to the fixture; part of the fluid in the runner is heated, and
the heat transfer position of the fluid in the flow path changes
with the movement of the heat source. The heat transfer of
the coupling section is a nonisothermal flow problem, and
the basic equation of the nonisothermal flow coupling heat
transfer is shown in equation 19, where F is the flow force
vector, u is the velocity vector, andµ is the dynamic viscosity.

∂ρ

∂t
+∇ · (ρu) = 0

ρ
∂u
∂t
+ ρu · ∇u = −∇p+∇

·

(
µ
(
∇u+(∇u)T

)
−

2
3
µ(∇ · u)I

)
+F

(19)

Because the turbulent energy transfer is a more complex
form of energy transfer, based on the theory of fluid heat
transfer, the nonisothermal flow calculation in this study uses
the Favre average method to derive the equation. Let the
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average value of Favre of the variable T be expressed as T̃ ,
which is defined as

T̃ =
ρT
ρ̄

(20)

According to the definition of the Reynolds average, this
formula can be divided as follows:

T = T̃ + T ′′ (21)

Therefore, the total internal energy equation can be
expressed as

∂

∂t

(
ρ̄

(
ẽ+

ũiũi
2

)
+
ρu′′i u

′′
i

2

)

+
∂

∂xj

(
ρ̄ũj

(
h̃+

ũiũi
2

)
+ ũj

ρu′′i u
′′
i

2

)

=
∂

∂xj

(
−qj − ρu′′j h

′′ + τiju′′i −
ρu′′j u

′′
i u
′′
i

2

)
+

∂

∂xj

(
ũi
(
τ̄ij − ρu′′i u

′′
j

))
(22)

where qj = −λ ∂T∂xj , h is the enthalpy, qj is the expression of
the vector heat flux, and λ is the thermal conductivity.

The expression of the viscous stress tensor is

τij = 2µSij −
2
3
µ
∂uk
∂xk

δij (23)

Because the medium in the flow channel of the fixture is
water, it can be considered an incompressible fluid. The stress
tensor is modeled by the Boussinesq approximation:

−ρu′′i u
′′
j = ρ̄τ

T
ij = 2µT

(
S̃ij −

1
3
∂ ũk
∂xk

δij

)
−

2
3
ρ̄kδij (24)

where k is the turbulent kinetic energy, which is expressed as

ρ̄k =
1
2
ρu′′i u

′′
i (25)

In equation 22, the turbulent heat transfer relation model
of u′′j and h

′′ can be considered to be similar to laminar heat
flux, which can be expressed as

ρu′′j h
′′ = qTj = −λT

∂T̃
∂xj
= −

µTCp
PrT

∂T̃
∂xj

(26)

where τ̄ijŪ ′′i and ρu′′j u
′′
i u
′′
i /2 can be simulated by the exten-

sion of the terms for molecular diffusion and turbulent trans-
port in the incompressible k equation:

τiju′′i −
ρu′′j u

′′
i u
′′
i

2
=

(
µ+

µT

σk

)
∂k
∂xj

(27)

Substituting equations 23∼27 into equation 16, the equa-
tion is as follows:
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ũiũi
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T
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))
(28)

The Favre average method is applied to the momen-
tum equation by equation 24, and the following results are
obtained:

∂

∂t
(ρ̄ũi)+

∂

∂xj

(
ρ̄ũjũi

)
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∂p
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∂
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(
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T
ij

)
(29)

Taking the inner product between ũi and equation 29,
the analytical kinetic energy equation can be obtained from
equation 28 as follows:

∂
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(30)

where h̃ = ẽ+p̄/ρ̄. For the incompressible fluid in the fixture,
the contribution of k can be ignored, and the equation can be
transformed into the following:

∂

∂t
(ρ̄e)+

∂

∂xj

(
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)
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T
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(31)

Let τ̄ij = τ̃ij + τ
′′
ij . Because τ̃ij � τ ′′ij , for most engineering

applications τij ≈ τ̃ij. Therefore,
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)
= −p̄

∂ ũj
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where

τ̃Totij = (µ+ µT )

(
2S̃ij −

2
3
∂ ũk
∂xk

δij

)
(33)

The fluid in the flow passage is water, which can be consid-
ered as ρ̄ = ρ, and the temperature equation on the conjugate
heat transfer interface of the nonisothermal flow in turbulence
model is

ρCp

(
∂T̃
∂t
+ ũj

∂T̃
∂xj

)

=
∂

∂xj

(
(λ+ λT )

∂T̃
∂xj

)
+ τ̃ijS̃ij −
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ρ

∂ρ

∂T̃

∣∣∣∣∣
p̄

(
∂ p̄
∂t
+ ũj

∂p
∂xj

)
(34)
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E. NUMERICAL ANALYSIS OF THE PRE-COOLING EFFECT
According to the fluid equation and initial value conditions,
we set the initial temperature of the copper bond to 70 ◦C; the
test piece temperature to 20 ◦C; the fluid inflow temperature
to 10 ◦C; and the flow rate to 5 L/min. We establish a
coupled heat and heat transfer temperature model. Using the
AlgebraicMultigrid Solver to solve the transient coupled heat
transfer process, we set the relative tolerance for the physics
control, while the time step is a backward differential, and we
use free steps long.

According to the calculation results, the temperature dis-
tribution inside the copper bond under the initial state of heat
transfer at t = 0.1 s is shown in Figure 14. In the figure, the
legend on the left represents the temperature isosurface, and
the legend on the right represents the surface temperature of
the copper bond in ◦C. The results show that at the beginning
of the heat transfer, the overall temperature is higher because
the effective heat conduction has not been established inside
the copper bond. However, at the portion where the front end
of the copper bond is in contact with the test piece, due to
the solid heat transfer with the test piece, the temperature is
relatively low, which results in a weak isotherm distribution
in the local area.

FIGURE 14. Temperature distribution inside the copper bond at the
beginning of heat transfer (◦C).

The heat transfer starts, and the temperature distribution
inside the copper bond at t = 2 s is shown in Figure 15.
The calculation results show that when the fluid starts to be
turbulent, the copper bond temperature decreases rapidly, and
the lowest temperature of the fluid decreases to 24.67 ◦C.
In addition, the isothermal surface is densely spread outward
from the fluid, and the copper bond as a whole drops by
approximately 35 ◦C. A weak isotherm distribution of the
copper bond corners disappears, and it becomes an isothermal
surface that diverges from the position closest to the flow
path.

The temperature distribution inside the copper bond at
t = 6 s is shown in Figure 16. The overall temperature of
the copper bond is reduced by approximately 58 ◦C, the tem-
perature of the contact surface is reduced to 12.26 ◦C, and the
distribution of the isothermal surface is denser. At this time,
a better cooling cycle has been formed and is about to reach
a steady state.

FIGURE 15. Temperature distribution in the copper bond at 2 s (◦C).

FIGURE 16. Temperature distribution in the copper bond at 6 s (◦C).

FIGURE 17. Flow velocity at different cross-sections of the flow path at
t=6 s (m/s).

The flow velocity at different cross-sections of the flow
path at t = 6 s is shown in Figure 17. The flow path turning
closest to the contact surface of the copper bond and the test
piece is defined as the third turning. The calculation results
show that there is no obvious attenuation of the flow velocity
at the third turn, and there is a constant velocity surface with
a flow velocity of approximately 5 m/s, which can quickly
remove the heat from the contact surface. After the third
turn of the fluid, a short-term acceleration of approximately
5.5 m/s is formed on the wall surface close to the upper
surface of the copper bond, which will also help the rapid
heat dissipation of the upper surface of the copper bond.

Taking the contact surface of the copper bond and the
test piece as the research object, we keep the initial value
consistent with the boundary conditions. The inlet flow rates
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are set to 2 L/min, 3 L/min, and 5 L/min. Through the calcu-
lation, the temperature change value of the contact surface is
obtained within 20 s, and the change of the contact surface
cooling temperature with time under different cooling condi-
tions, as shown in Figure 18. The graph shows that the cooling
rate of the new method is significantly better than fixture
base cooling and natural cooling. The flow rates of 2 L/min,
3 L/min and 5 L/min can cool the copper bond from 70 ◦C to
nearly 10 ◦C within 8 s. As shown by the temperature change
curve, before 6 s the temperature decreases faster with an
increase in the flow rate; the temperature of 5 L/min decreases
fastest, and the temperature decreases relatively slowly at
2 L/min. However, after approximately 6 s, as the temperature
difference decreases, the rate of the temperature decrease at
all three flow rates tends to be gentle. At approximately 10 s,
the contact surface and the fluid temperature are basically the
same, and the heat conduction of the fixture reaches a stable
state.

FIGURE 18. Cooling effect of the contact surface under different cooling
conditions (m/s).

F. NUMERICAL ANALYSIS OF HEAT TRANSFER
IN BLADE REPAIR
1) THE HEAT TRANSFER ISOSURFACE AND TEMPERATURE
DISTRIBUTION OF NEW COPPER BOND
Taking the model state where the fixture reaches steady-state
heat conduction in the first stage as the initial condition,
the flow velocity at the inlet of the flow path is set to
2 L/min, 3 L/min, and 5 L/min. To compare the cooling
effects, the height of the upper surface of the test piece is the
same as the height as that of the base cooling method, and the
remaining boundary conditions are set to the same boundary
conditions as the model in the base cooling method. Then,
the numerical analysis of the heat flow coupled heat transfer
process after the test piece is loaded with a heat source is
performed. Since themiddle part of the fixture is the relatively
stable part of the heat transfer, we select the fourth copper
bond near the middle position as the analysis object, and we

FIGURE 19. Heat transfer isosurface and temperature distribution of the
copper bond (t=18.3 s, ◦C).

FIGURE 20. Heat transfer isosurface and temperature distribution of the
copper bond (t=21.3 s, ◦C).

FIGURE 21. Heat transfer isosurface and temperature distribution of the
copper bond (t=24.3 s, ◦C).

set the flow rate to 3 L/min. Then, according to the moving
speed of the heat source and the coordinate position of the
fourth copper bond, the time for the heat source to move to
the end of the fourth copper bond is calculated to be 18.3 s,
the time for the heat source tomove to themiddle of the fourth
copper bond is 21.3 s, and the time for the heat source to move
out of the fourth copper bond is 24.4 s. The simulation shows
that the temperature and isosurface distribution of the copper
bonds at three time points are shown in Figures 19 to 21.

Considering the time period from 18.3 s to 24.4 s, in other
words, the time period when the heat source moves in the

33360 VOLUME 9, 2021



M. Gong et al.: Flexible Multiflow Path Fixture Cooling Method for Additive Manufacturing Repair of Aero Blades

FIGURE 22. (a)The position of the isothermal surface in the adjacent copper bond at 18.3 s. (b) The position of the isothermal surface in the
adjacent copper bond at 21.3 s. (c) The position of the isothermal surface in the adjacent copper bond at 24.3 s.

position area of the upper surface corresponding to the fourth
copper bond, it can be seen from the heat transfer isosurface
of the copper bond that the fluid participates continuously
in heat transfer and maintains more stable heat conduction
efficiency. Since most of the copper bonds have been pre-
cooled to 10 ◦C by the flow path, heat is quickly diffused
and transferred from the contact point. At 18.3 s, the highest
temperature of the copper bond is 94.2 ◦C.
When the heat source moves to the upper surface of the test

piece, which corresponds to the center of the copper bond,
the heat source is closest to the flow path, and the maximum
temperature of the copper bond decreases. As the welding
continues, the heat source gradually leaves above the cop-
per bond. At 24.3 s, the heat source is above the other
corner of the copper bond and is about to leave the x-axis
coordinate interval of the copper bond and enter the x-axis
coordinate interval of the next copper bond. It can be seen
from Figures 19 to 21 that when the maximum temperature
is near the corner of the copper bond, the equivalent value is
significantly inclined toward the direction of the flow path.
As the heat source moves, the angle of inclination gradually
decreases, and the isothermal surface presents a symmetrical
distribution when it reaches the middle position, and then,
it tilts again. On the copper bond body, the temperature
after the last isothermal surface always stays in the range
10∼12 ◦C. The flexible flow path cooling method can only
can take away the energy transferred by the heat source but
can also continuously maintain most of the copper bonds
at a lower temperature, which is conducive to rapid heat
conduction inside the copper bond.

Next, we add the adjacent third copper bond and fifth
copper bond, and we set the same isothermal surface interval
and the number of layers. The simulation results are shown
in Figure 22. When the heat source passes over the middle
copper bond, the flow paths in the adjacent copper bonds also
participate in heat exchange. The positions of the isothermal
surfaces in Figure 22(a) and 22(c) are basically symmetrical.
It can be inferred that each time the heat source sweeps a
copper bond, the fluids in the two adjacent copper bonds
participate in heat exchange. In addition, the entire fixture is
in a near-steady heat transfer state during thewelding process.

2) FLUID HEAT TRANSFER BOUNDARY STATE AND
TEMPERATURE DISTRIBUTION
In the welding process, the heat transfer of the fluid in a flex-
ible multiflow path can be considered to have two boundary
states: one boundary state is the moment when the heat source
is located directly above the cross-section of the copper bond,
and the other boundary state is the moment when the heat
source is located at the corner of the copper bond. Taking
the fourth copper bond as an example, the temperature dis-
tribution of the fluid in the two boundary states is shown in
Figures 23 and 24.

When the heat source moves to the test piece upper sur-
face directly above the cross-section of the copper bond,
the maximum temperature of the fluid in the corresponding
copper bond reaches 14.6 ◦C. At this time, the heat spreads
mostly in the y-z cross-section. There are 3 participating heat
exchange fluids, of which the intermediate fluid is the main
heat exchange fluid, and the fluid in the two adjacent copper
bonds facilitates the heat exchange.

When the heat source moves above to the test piece upper
surface directly at the corner point of the copper bond,
the cross-section of the heat source is exactly the contact
surface of the two copper bonds, and the distance from the
flow channels on the two sides is equal. At this time, the heat
diffuses in the direction of the two flow paths and expands the
isothermal surface into the fluid of the second copper bond
on both sides. The maximum temperature of the fluid on both
sides is approximately 14.08 ◦C, and 4 fluids are participating
in the heat exchange.

The change in the maximum temperature of the fluid over
time at different flow rates is shown in Figure 25. The results
show that the maximum temperature fluctuation trend of the
fluid at three flow rates is basically the same. At the beginning
and the end of the welding, the copper bonds at both ends of
the fixture are in contact with air, and the heat conduction is
slow; as a result, the temperature of the fluid near the two
ends is high. In a welding process of 5∼45 s, with the move-
ment of the heat source, the fluid temperature fluctuation is
relatively stable. When the heat source moves directly above
the cross-section of the copper bond, the fluid temperature is
the highest; when the heat source is located between the two

VOLUME 9, 2021 33361



M. Gong et al.: Advanced Flexible Multiflow Path Fixture Cooling Method for Additive Manufacturing Repair of Aero Blades

FIGURE 23. Temperature distribution of the fluid when the heat source is directly above the copper bond.

FIGURE 24. Temperature distribution of the fluid when the heat source is above the copper bond corner.

FIGURE 25. The change in the maximum temperature of the fluid with
time at different flow rates.

copper bonds, the fluid temperature is the lowest. Therefore,
the curve shows a regular wave state. From the perspective of
the temperature fluctuation of the fluid, the heat conduction of

the whole fixture is in a relatively stable regular state, which
will provide stable and fast cooling effect in repair.

3) COOLING EFFECT OF A TYPICAL FIXTURE CROSS-SECTION
Two typical cross-sections on the fixture are analyzed. First,
the middle section of the fourth copper bond is taken as
typical section 1, as shown in Figure 26. This cross-section
is exactly the cross-section of the fourth copper bond and
the internal fluid, and it is close to the middle of the fix-
ture. The heat transfer is relatively stable, and it is less
affected by the copper bonds on both sides.

When the heat source moves to the test piece upper surface
directly above the cross-sectional position, 4 s before and
after this time, 17.4∼25.4 s, is taken as the cooling time
reference time interval. The change in the maximum tem-
perature of cross-section 1 with time under different cool-
ing conditions is shown in Figure 27. The red curve is the
temperature change of cross-section 1 in the fixture base
cooling method (a result of the numerical analysis under the
condition of 5.5 L/min). The other three colored curves are
the maximum temperature change curves of cross-section 1 at

33362 VOLUME 9, 2021



M. Gong et al.: Flexible Multiflow Path Fixture Cooling Method for Additive Manufacturing Repair of Aero Blades

FIGURE 26. (a)Three-dimensional location sketch of section 1. (b) Top view of section 1 location.

FIGURE 27. Maximum temperature change of section 1.

flow rates of 2 L/min, 3 L/min and 5 L/min with the flexible
flow path cooling method.

The results of the curve analysis show that the maximum
temperature of cross-section 1 with the flexible flow path
cooling method is significantly lower than that determined
with the base cooling method. According to the previous
simulation results shown in of Figure 20, the maximum
temperature of the cross-section appears at the corner of
the contact surface between the copper bond and the test
piece. According to Newton’s cooling law, the temperature
difference between the contact surface and the test piece has
a direct impact on the heat dissipation gradient of the test
piece. Under the three flow rate conditions of the flexible flow
channel, the maximum temperature of the contact surface at
the flow rate of 5 L/min is slightly lower than that of the
other two flow rates, and the maximum temperatures of the
contact surface at the flow rate of 3 L/min and 2 L/min are
very similar.

We take the position of the contact surface of the
fourth copper bond and the fifth copper bond as typi-
cal cross-section 2, which is shown in Figure 28. This
cross-section is close to the center of the fixture and is located
on the symmetry plane of the fourth and fifth flow paths.

There is no fluid on cross-section 2, which is only the bound-
ary state of the copper bond heat source. We still consider
the 4 s before and after the heat source moves to the cross-
sectional position, which is 20.4∼28.4 s, to be the cooling
time reference time interval.

The change in the maximum temperature of the
cross-section with time under different cooling conditions
is shown in Figure 29. Although there is no fluid part on
typical cross-section 2, because it is located between the two
flow paths, according to the calculation results in Figure 23,
there are still four flow paths that participate in heat transfer
at the same time, and thus, the maximum temperature of
cross-section 2 is still approximately 30 ◦C lower than the
base cooling method. The typical cross-section 1 and the
typical cross-section 2 can be regarded as sandwiching two
specific microelements, dx1 and dx2. The curve of the two
cross-sections is basically the same. It can be inferred that the
fixture maintains a relatively stable temperature throughout
the welding process, and each cross-section maintains stable
heat transfer efficiency.

4) TEMPERATURE DISTRIBUTION OF THE WELD
CROSS-SECTION
To compare the cooling effect of the flexible flow path cool-
ing method at different flow rates, based on the previous heat
input study, we set the same additive manufacturing repair
height (twice the additive height) of the test piece and take
the same position of the weld cross-section. We remove the
2 s at the beginning and end of the welding, take a more stable
time interval of 2∼48 s during the welding process, and set
the sampling step to 0.1 s. The numerical values of the weld
cross-section temperature at three cooling rates are fitted in
the form of dot plots of different colors, and the average
temperature (average value of the maximum temperature of
the weld micro section) distribution of the weld cross-section
under different flow rates is shown in Figure 30.

The results show that at three flow rates of the newmethod,
the average temperature of the micro section of the weld
cross-section is approximately 140∼160 ◦C lower than that
of the current method (fixture base cooling). At the 5 L/min
flow rate of the new cooling method, the cooling efficiency
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FIGURE 28. (a)Three-dimensional location sketch of section 2; (b) Top view of section 2 location.

FIGURE 29. Maximum temperature change of section 1.

is highest, and the maximum temperature of the weld can
be reduced to approximately 1224 ◦C. In terms of the weld
temperature fluctuations, the temperature fluctuation range
is the smallest at a flow rate of 3 L/min, and it is denser on
the temperature line at approximately 1320 ◦C, followed by
2 L/min, and the largest at 5 L/min. In the case of a three-
time additive repair or a larger height additive repair, it is
necessary to comprehensively consider the cooling rate and
the temperature fluctuation of the molten pool. In the case
of a small amount of local additive repair, due to the small
molten pool, the temperature fluctuations over a short time
can be ignored, and thus, a flow rate of 5 L/min can be used
to achieve rapid cooling. For additive manufacture repair with
long welds, using a flow rate of less than 3 L/min is expected
to achieve better melt pool morphology and welding quality.

G. PRESSURE CALCULATION AT DIFFERENT FLOW RATES
The pressure distribution of the flow paths at different flow
rates is shown in Figure 31. The distribution of the pressure
contours of the flow paths at the three flow rates is basically
the same. The isoline with a higher pressure is distributed
at the entrance of the flow channel. At the position of the
flow channel closest to the contact surface, the pressure is
maintained at more than 70% of the inlet pressure, which

can maintain the fluid in a large turbulent state. The position
where the fluid pressure is small is the straight pipe closest to
the outlet, where the fluid has already participated in the heat
exchange and needs to flow out of the flow channel quickly;
as a result, negative pressure is formed at the outlet. Accord-
ing to the calculation results of the maximum inlet pressure,
the inlet pressure at a flow rate of 3 L/min is approximately
twice the inlet pressure at a flow rate of 2 L/min, and the
inlet pressure at a flow rate of 5 L/min is the largest, with
a value of approximately 102 kPa, which increases 5-fold
at a 2 L/min flow rate. According to the inlet pressure at
different flow rates, a pressure regulator must be installed
on the pipeline to make the flow rate reach the set value. In
addition, when connecting and sealing the coolant pipeline,
the design pressure of the pipeline should reach more than
1.5-fold the calculated value. The purpose is to meet the
pressure requirements of the system.

V. EXPERIMENTAL SETUP
According to the structural design of the flexible multiflow
path fixture, the ideal processing and manufacturing scheme
of the copper bond is precision casting or 3D printing. How-
ever, since the fixture is made of copper and the flow path
is located inside the copper bond, it is difficult to cast, and
there are still many difficulties in high-precision copper 3D
printing technology, which must be further studied. For these
reasons, the fixture experimental prototype uses the machin-
ing center to mill out the flow channel for half of the copper
bond, and then, they are spliced and glued into a whole. The
experimental prototype of the assembled flexible multiflow
path fixture is shown in Figure 32.

Referring to the design scheme in Fig. 8 and Fig. 9, there
are 8 movable copper bonds on both sides of the flexible
fixture, and a flow path is designed inside the copper bond.
The inlet and outlet of the flow path are connected with the
buffer by flexible pipes.We initially used a small water pumps
for each tube, the total number of pumps is 16. However,
although this scheme can control the flow of each tube inde-
pendently, the control and adjustment are complicated due to
the large number of pumps. Therefore, we used two larger
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FIGURE 30. Comparison of the micro section average temperature distribution of the weld cross-section (new method
vs current method).

FIGURE 31. Pressure distribution of the flow passage at different flow rates (Pa).

pumps, through the total adjustment and buffer to balance the
flow in each tube.

In order to compare the experimental results with the sim-
ulation results and verify the cooling effect, firstly, the pre-
cooling experiment of the fixture prototype is carried out.
Half of the fixture is heated to 150 ◦C in the heating box

and then taken out quickly. When the temperature drops to
70 ◦C, the water cooling system is started and the flow rate
in single flow path is adjusted to 3 L/min. The fourth to
sixth copper bonds in the middle are selected as the research
objects, and the average temperature of the three copper
bonds is measured with time. The laboratory temperature was
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FIGURE 32. Flexible multiflow Path fixture prototype.

TABLE 2. Comparison between experiment and simulation (◦C).

FIGURE 33. Precooling experiment of the fixture prototype.

20 ◦C, the cooling water temperature was 10 ◦C. The exper-
imental results are shown in Table 2. Then, these results are
compared with the simulation results of Figure 18, as shown
in Figure 34.

The experimental temperature gradient and change rate
are consistent with the trend of the simulation results, and
the experimental temperature is slightly higher than the sim-
ulation. Considering the assembly error and the micro gap
thermal resistance [31] between the copper bonds, the exper-
imental results are in good agreement with the simulation
results, and the expected effect on the pre cooling is achieved

Because the fixture is still in the prototype stage, it cannot
be installed on the MPAW system for the overall welding
test, so the experimental part of this paper is mainly to test
the cooling effect. In the prototype experiment, an electric
heating piece was used instead of the alloy test piece. After
the electric heating piece was heated to 100 ◦C, the power
was cut off. The heating piece area that corresponded to the

copper key in the middle of the fixture was selected as the
temperature measurement object. The infrared thermometer
was used to detect the temperature change of the heating piece
under different flow rates, and the measurement position was
the contact surface between the heating piece and the copper
bonds. The connection of the copper bond flow path is in
parallel. To achieve the flow rate of 2 L/min and 3 L/min for
a single copper bond, the flow rate of a single side circulating
pump was adjusted to 16 L/min and 24 L/min, respectively.
The experimental results are shown in Table 3 and Figure 35.

The results show that the new coolingmethod can achieve a
good cooling effect. The flow rate of 0 L/min can be regarded
as natural cooling; the cooling speed of the test area decreases
after 5 s and becomes slower when the temperature drops

FIGURE 34. Comparison between experiment and simulation.
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TABLE 3. Temperature change of the heating plate at different flow rates (◦C).

FIGURE 35. Temperature change of the test area at different flow rates.

below 40 ◦C. With the increase in the flow rate, the tempera-
ture of the test area continues to decrease, and it can drop to a
temperature that is approximately equal to room temperature
in 8 s. Afterward, the temperature continues to decrease, and
it is expected to reach a temperature value close to that of
the fluid in the end. In terms of the flow rate, the cooling
effect of 3 L/min is slightly better than that of 2 L/min, but
considering the detection error and machining accuracy in
the flow path, the cooling effect of the two flow rates can be
considered to be very similar. Therefore, 2 L/minwith smaller
pipeline pressure can be selected as the cooling parameter.

In addition, the water cycle test of 4∼8.5 L/min was con-
ducted. When the flow rate of single path is greater than
5 L/min, the fixture has obvious resonance. It can be inferred
that the resonance is mainly caused by turbulent energy and
pipe resistance, which require further study. When the flow
rate is approximately 8 L/min, the pipeline pressure reaches
approximately 343.2 kPa, and leakage occurs at the external
interface and copper bond joint.

VI. CONCLUSION
In order to achieve better cooling effect, we proposed an
advanced flexible multiflow path fixture cooling method for
blade additive manufacturing repair. Through problem analy-
sis, theoretical modeling, numerical analysis and experiment,
the conclusions are as follows:

(1) Due to the original structural limitations of the fixture
base cooling method, the heat exchange effect of the fluid is
not fully utilized; regardless of whether V , T or L is changed,

the cooling effect does not change significantly. Using the
flexible flow-path cooling method, the initial temperature of
the fixture can be quickly reduced, and the fixture can be
cooled to an initial temperature equal to the temperature of
the fluid, forming a steady-state cooling conduction with the
fluid.

(2) The fluid closest to the contact surface in the flow
path is obviously involved in heat transfer. The isothermal
surface analysis results show that when the heat source moves
directly above the copper bond, fluids of adjacent copper
bonds can participate in the heat transfer. When the heat
source moves directly above the corner point of the copper
bond, fluids with two copper bonds on each side participate
in heat exchange.

(3) Compared with the cooling effect of the fixture base
coolingmethod with a single flow path, the flexible multiflow
path cooling method can reduce the cross-sectional temper-
ature of the weld seam by 140∼160 ◦C, and the significant
decrease in the temperature of the contact surface between
the fixture and the test piece also shows that the new method
can achieve faster heat conduction.

(4) The comparison of the cooling effect at different flow
rates shows that with the increase in the flow rate, the temper-
ature of the weld cross-section and the fixture can continue
to decrease. However, the increase in the flow rate will cause
an increase in the pipeline pressure and resistance and turbu-
lent resonance problems. Considering all of the influencing
factors comprehensively, under the existing processing tech-
nology conditions, a flow rate of 2 L/min can achieve a better
cooling effect.

EXPECTATION
Due to the limitations of processing technology, the pressure
resistance and sealing of the fixture prototype need to be
further improved. Further study will focus on the feasibil-
ity of 3D printing or precision casting technology for the
manufacturing of the flexible flow path fixture and improved
processing technology to achieve loading on the welding
system, which is expected to further improve the cooling
effect.
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