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Abstract: The film superposition prediction model is a crucial tool in the preliminary design
of the turbine outer ring, enabling the rapid estimation of adiabatic wall temperatures
and significantly reducing computational costs. This study established the relationship
between the mainstream temperature correction coefficient and the air bleed ratio based on
energy conservation principles in the boundary layer during film injection. A superposition
model grounded in mainstream temperature corrections was developed. The proposed
model utilizes cooling efficiency characteristics based on the equivalent blowing ratio
to accurately predict the cooling efficiency of multi-row hole layouts with varying hole
spacings. Experiments on the adiabatic film cooling efficiency were conducted with four
different hole configurations at various blowing ratios. The limitations of the traditional
Sellers superposition method in predicting cooling efficiency distributions are discussed
by comparing them with experimental data. The comparison reveals that the Sellers
method accumulates prediction errors as the number of hole rows increases, leading to an
overestimation of the cooling efficiency. Introducing a mainstream temperature correction
factor effectively addressed this issue. The prediction accuracy of the improved model
was higher at M = 0.3, with relative deviations remaining within 10% across different test
plates. As the blowing ratio increased, the prediction deviation gradually increased when
the number of hole rows was less than 10. At a blowing ratio of 1.0, the deviation exceeded
20%. However, as the number of hole rows increased, the deviation remained within 10%
under various blowing ratios. Compared to existing advanced models in the literature,
the improved model demonstrated higher prediction accuracy under most conditions. For
Case 1 in this study, the model predicted an average surface cooling efficiency deviation of
3.4% at a blowing ratio of 0.5. Similarly, for Case 14 in the literature, the deviation was 3.4%
at a blowing ratio of 0.6. In contrast, the prediction deviations in the literature models were
16.1% and 8%, respectively. Furthermore, the introduction of the equivalent blowing ratio
reduced the data requirements for calculating the single-hole-row cooling efficiency when
performing cooling efficiency superposition predictions.

Keywords: turbine outer ring; film superposition; mainstream temperature correction;
energy conservation in film injection; equivalent blowing ratio

1. Introduction
Increasing the turbine inlet temperature is a key strategy for enhancing engine effi-

ciency. Future turbine inlet temperatures are expected to reach 2200 K [1], significantly
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exceeding the temperature tolerance of high-temperature alloy materials [2]. Film cooling
is one of the key techniques for preventing the overheating of hot-end components. It forms
a low-temperature film between the hot gas and the wall, effectively reducing heat transfer
and thus controlling the wall temperature [3,4]. Film cooling is essential for ensuring the
thermal protection of critical areas, including the leading edge of turbine blades [5], the
suction surface of turbine blades [6], the pressure surface of turbine blades [7], the blade
endwall [8], the combustion chamber liner [9], and the turbine outer ring [10], ensuring
that the materials remain within safe temperature limits.

The turbine outer ring is located outside the turbine blades within the casing and
forms the working passage for the turbine blades through a circumferential segmented
structure. A typical turbine outer ring structure is shown in Figure 1 [11]. To ensure the
safety of the turbine blade tips, a wear-resistant coating is often applied to the outer ring
wall to reduce blade damage during rubbing. This results in the thickness of the film
cooling hole plates in the turbine outer ring being greater than that of other components,
such as the blades. Additionally, the relatively low thermal conductivity of the coating
hinders the transfer of internal cooling effects to the hot side wall, making film cooling in
the turbine outer ring even more critical compared to other components.
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Figure 1. Schematic diagram of a typical turbine outer ring structure.

During engine operation, due to the approximately 70◦ angle between the guide vane
exit and the engine axis, the length traversed by the film as it exits the turbine outer ring’s
front edge is about three times the axial length of the turbine outer ring, significantly
increasing the number of hole rows through which the film flows. Additionally, the
rotational motion of the turbine blades causes considerable temperature variation along
the flow direction on the hot side wall of the turbine outer ring. As the demand for
precise cooling increases, the coolant temperature at the turbine outer ring’s film hole exits
also changes with the position relative to the mainstream airflow. This results in unique
challenges during the design of turbine outer ring film cooling: a large number of hole
rows, significant variations in the streamwise mainstream and coolant temperatures, and
considerable variation in the film hole diameter during the initial design iterations.

During the initial design phase of turbine outer ring components, relying solely on
high-dimensional numerical simulations presents challenges, including high computational
costs, prolonged design cycles, and difficulties in implementing modifications. These issues
become even more pronounced when the turbine outer ring structure is complex and
incorporates a large number of film cooling holes. This complexity leads to a rapid increase
in the mesh count, significantly extending the design process and resulting in a waste of
valuable resources during the early design phase.

To achieve a rapid design, Cui et al. [12] used a data-driven approach combined
with decoupled conjugate heat transfer analysis to predict the film cooling efficiency on
the surface of the E3 turbine’s first-stage blades using Sellers’ superposition model. This
method avoided complex fluid simulations and reduced the iteration time. It provides a
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good approach for the initial design of the turbine outer ring. The accurate prediction of
the film cooling efficiency is key to ensuring efficient design iterations.

Sellers’ superposition formula [13] is the most widely used model for predicting film
cooling. Many studies have validated the Sellers model. Muska et al. [14] first tested its use
for predicting the film cooling efficiency on turbine blades. They found it could predict
the cooling efficiency well. Mhetras et al. [15,16] also confirmed its high applicability in
turbine blade studies. Wang et al. [17] showed that the Sellers model is adaptable to mixed
cooling methods, including slot film cooling and film hole cooling.

However, although Sellers’ superposition model has shown good prediction accuracy
in many applications, its applicability and accuracy are still uncertain under different
operating conditions, especially in complex geometries and flow conditions.

This is mainly because the Sellers model cannot account for the diffusion of the film in
the streamwise direction and the interaction between adjacent rows of film holes during
the superposition process. These effects are mainly influenced by the blowing ratio and
hole spacing.

The blowing ratio of the film is the most significant factor affecting the prediction
accuracy. In flat plate film cooling predictions, Sasaki et al. [18] showed that the Sellers
model can effectively predict the cooling performance at lower blowing ratios but tends to
overestimate the results at slightly higher blowing ratios. Meng et al. [19] confirmed this
conclusion in their study on two rows of holes.

In blade studies, the Sellers model also demonstrated good prediction accuracy at
low blowing ratios, but the prediction accuracy varied at different positions on the blade.
Li et al. [20,21] found that the prediction accuracy of the Sellers superposition model for
the blade leading edge was similar to that for flat plates. They suggested that the poor
prediction performance at high blowing ratios is due to the strong interaction between
the mainstream and secondary flows, as well as the vortex between hole rows, which
weakens the model’s accuracy. Anderson et al. [22] found that for the blade suction side,
the model accurately predicted film cooling at low blowing ratios but underestimated the
cooling at high blowing ratios. Takeishi et al. [23] found that the Sellers model provided
more reasonable predictions for the turbine blade pressure side, but the predictions for the
suction side were about 30% lower than the experimental values.

The variation in hole spacing also affects the accuracy of the Sellers superposition
model. Sasaki et al. [18], while studying the influence of the blowing ratio, also examined
the effect of hole row spacing. Their results showed that reducing the hole spacing de-
creases the prediction accuracy of the Sellers model. Wang et al. [24] reached the same
conclusion in their study on two rows of holes, finding minimal errors when the S/D was
20. Meng et al. [19] further reduced the critical value of hole spacing and concluded that
when the spacing reaches 5d, the Sellers model achieves better accuracy. Murray et al. [25]
suggested that at smaller hole spacings, higher film interactions occur between the holes,
which reduces the accuracy of the superposition method. In their study of double hole
rows, Huo et al. [26] found that at a blowing ratio of 1.25 and a hole spacing of 5D, the
maximum error reached 65%.

The impact of staggered versus inline hole arrangements on the accuracy of prediction
models is similar to that of hole spacing. For the same hole row spacing, the hole spac-
ing along the streamwise direction in a staggered arrangement is twice that of an inline
arrangement. Based on the effect of hole spacing, the prediction accuracy for staggered
arrangements should be superior to that of inline hole arrangements. Chen et al. [27] used
the 2D Sellers superposition model to evaluate the performance of fan-shaped holes with
different hole row spacings. The results showed that the prediction model matched well
with the staggered arrangement at a spacing ratio of one but overestimated the cooling
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efficiency of the inline holes. Liu et al. [28] used the Sellers superposition model to evaluate
the film cooling efficiency of two rows of holes under cross-flow conditions. Their results
showed that the model had good applicability when the holes were staggered and at lower
blowing ratios, with errors within 8%. However, under inline arrangements and high
blowing ratios, the model performed poorly, with prediction errors exceeding 10%.

Research on the blowing ratio of film cooling holes and hole row spacing indicates
that the main cause of deviation in the Sellers superposition model is its insufficient
consideration of the interaction between the film outflow and the mainstream during the
film superposition process. Boundary parameters, such as the mainstream turbulence
intensity (Ethridge et al. [29,30]), which affect film mixing also directly impact the accuracy
of the Sellers model.

In the future design of turbine outer rings, full film cooling will be a necessary method.
Most of the studies mentioned above have focused on the superposition effect of two rows
of film cooling holes, but Li et al. [31] argue that due to increased mixing and turbulence,
the Sellers superposition model is unreliable when predicting film cooling for multi-row
structures, especially for full film cooling configurations. Therefore, research to improve
the Sellers superposition model is necessary to support the prediction of the film cooling
efficiency for turbine outer rings.

Currently, improvements to the Sellers superposition model can be broadly classified
into four categories.

The first category of model improvement methods suggests that, during the film
superposition process, the coverage effect of a single film stops once it reaches a critical
position due to the interaction between the films. This effectively reduces the overestimation
of the film cooling efficiency. Andreini et al. [32] adjusted the superposition length for
different hole row configurations, enabling the Sellers superposition model to accurately
predict the average cooling efficiency for both inline and staggered nine-row film hole
arrangements. The superposition length for staggered holes was consistently higher than
that for inline holes, with the length ranging from two to five. Later, Wang et al. [33]
examined the superposition characteristics of full film cooling with five rows of staggered
holes. By adding a critical number of film hole rows to the Sellers superposition model,
they reduced the prediction deviation for multi-row film cooling configurations.

The second category of models is essentially an extension of the Sellers model, applying
the commonly used one-dimensional superposition model to two-dimensional models.
The aim is to address the accuracy issues in the prediction of inline and staggered hole
configurations. Murray et al. [25], Chen et al., 2020 [27], and Chen et al., 2021 [34] all
employed the two-dimensional Sellers model to predict film cooling for two rows of
holes. This primarily expanded the capability to capture the cooling efficiency distribution;
however, there was no significant improvement in accuracy when considering the spanwise
average cooling efficiency.

The third category of models assumes that the interaction between film holes during
the film cooling process leads to changes in the local cooling efficiency of downstream
film holes. By introducing a correction factor, the cooling efficiency of the downstream
film can be adjusted, either reducing or amplifying the impact of film cooling in the
prediction process. Zhang et al. [35] proposed a new superposition formula for predicting
the two-hole-row model under different operating conditions, using M as an unknown
variable. This method greatly improved the accuracy of cooling efficiency predictions.
However, this approach is not widely applicable. To address this, scholars established a
general form: η = η1 + η2 − Cη1η2, where C is adjusted to modify the predicted cooling
efficiency. Xu et al. [36] suggested that the correction factor for turbine blades depends
on both the blowing ratio, M, and the dimensionless distance, X/D. They established a
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fitting relationship between these factors to correct the predicted cooling efficiency of the
blade film. Huo et al. [26] further incorporated the dimensionless hole pitch in their study
of mist-assisted film cooling on flat surfaces. However, applying this to full film cooling
makes obtaining the correction factor for the Sellers model under full film cooling extremely
challenging, as it requires significant computational effort. Zhang et al. [37] eliminated
the effect of dimensionless distance in the model correction, stating that the correction
factor is only related to the number of hole rows and the Reynolds number of the film
holes. By adjusting the correction factor for different hole rows, they significantly reduced
the prediction deviation. Zhang et al. [38] examined the cooling efficiency superposition
problem for film holes with more than 50 rows. They proposed that the correction factor
for the superposition model is related to the spanwise non-uniformity factor and the
streamwise dissipation rate. Through extensive numerical simulations, they established a
correlation, and the predicted results showed good agreement with experimental data.

The fourth category of calibration models is based on energy conservation. The essence
of film cooling lies in the impact of the mixing ratio between the coolant and mainstream on
the wall temperature. The film superposition process continuously adjusts this mixing ratio,
thereby altering the adiabatic wall temperature distribution. Kirollos et al. [39] proposed an
energy conservation-based superposition method for multi-row cooling holes. An et al. [40]
found that the influence of the upstream flow on downstream cooling is reflected in changes
in the turbulence intensity. The increase in turbulence negatively impacts the cooling
efficiency of the downstream film, particularly in regions further downstream. They
introduced a correction factor, β, to evaluate the impact of coolant jetting on mainstream
entrainment from the upstream row.

Table 1 summarizes the existing correction models for the film superposition. In the
initial design of turbine outer rings, there are several challenges due to the large number of
cooling holes, significant variations in the streamwise mainstream and coolant tempera-
tures, and considerable changes in the film hole diameter during the design iterations. The
first category of correction models requires the continuous adjustment of the critical hole
row number at different hole row positions, which presents a significant challenge in the
initial design of the outer ring. The second category involves the dimensional expansion
of the model; however, it has not resulted in noticeable improvements in the prediction
accuracy. The third category of models provides promising results for the superposition of
film cooling in cases with large hole numbers, but it lacks a consideration of streamwise
temperature variations and requires extensive databases to handle continuous changes in
the hole diameter, making it difficult to rapidly iterate the film cooling predictions for the
outer ring. The fourth category of correction models, based on energy conservation assump-
tions, breaks through the independence assumption between film layers and considers
the interactions and energy exchange between the layers. This approach provides a solid
foundation for the study of film superposition models for turbine outer rings. However,
current research is limited to two rows of holes and does not yet account for streamwise
temperature variations or the need for a rapid superposition process.

In summary, existing film superposition models are not well suited to evaluating the
film superposition for advanced cooling methods in the future design of turbine outer
rings. Therefore, new research is necessary. This paper proposes a novel film superposition
model that, by incorporating energy conservation, accounts for the interaction between
film layers during the superposition process. The model also integrates a dimensionless
temperature coefficient to consider the variations in the streamwise coolant and main-
stream temperatures, effectively addressing the film cooling prediction issues for turbine
outer rings.
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To tackle the challenge of large variations in the film hole diameter during the initial
design, which leads to substantial data requirements, the concept of an equivalent blowing
ratio was introduced. By predicting the streamwise cooling efficiency distribution under
fixed spanwise hole spacing, the model can estimate the streamwise cooling efficiency for
different hole spacings, thereby reducing the need for extensive databases on the single-row
film cooling efficiency.

Table 1. Existing correction models for film superposition.

Category
Number Reference Superposed Model Equation Remark

1 Andreini et al. [32]
Wang et al. [33]

ηn_all(x) = 1 −
n
∏
i=1

[1 − ηi(x)],

1 − ηn_all(x) = [1 − ηc_all(x)]
n
∏

i=c+1
[1 − ηi(x)],

“c” is a critical row in
full-coverage film

cooling, and after this
row, the film cooling
efficiency for an extra

row would not change.

2
Murray et al. [25]

Chen et al. [27]
Chen et al. [34]

η(x, y) = 1 −
n
∏
i=1

[1 − ηi(x, y)],

The original
one-dimensional Sellers
superposition model is

extended to a
two-dimensional model.

3

Zhang et al. [35] η = η1 × M5.63 + η2 × M−2.44 − 0.13 × η1 ×
(1 − η2)× M9.16,

Xu et al. [36]
η = η1 + η2 − Cη1η2, C = f

(
M, X

D

)
,

Huo et al. [26] C = f
(

M, S
D , X

D , md
mc

, dd
D

)
.

Zhang et al. [37] η = 1 −
n
∏
i=1

(1 − Ziηi), Zi = f (N, Red).

Zhang et al. [38] η = 1 − (1 − η1)(1 − (1 − c1α1 − c2β2)η2) ∗ · · · ∗
(1 − (1 − c1αn − c2βn)ηn),

βn = f (n, s/p),
c1 = f

(
M, p

D , s
D , θ

)
,

c2 = f (M, p/D, s/D, θ),
α1 is the non-uniformity

of the gas film
flow direction.

4

Kirollos et al. [39]
T0n(X) =

Tc
.

mcn+
∫ X

Xn−δx T0(n−1)(x) d
.

men(x)
dx dx

.
mcn+

.
mei(X)

,

Tw(X) =

{
T0i(X), i = 1, 2, · · · , n − 1, xi ≤ X ≤ xi+1

T0n(X), X ≥ xn
,

An et al. [40] η = 1 − (1 − η1
1−(1−β)(1−η1)

)(1 − η2,a),
β =

χj
χj+χ1+1 , χj =

1
ηj
− 1, χ1 =

me,1
mc

.

An adiabatic film cooling efficiency test rig was developed. By comparing the pre-
dicted adiabatic film cooling efficiency for different hole arrangements, the applicability
of the new film superposition model was confirmed. Compared to existing models, it
showed superior predictive performance within a certain range. The introduction of this
model provides valuable insights for predicting films in complex cooling structures and
can effectively support the initial design of such structures.
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2. Film Superposition Method
2.1. Sellers Superposition Model

This section reviews the basic principles of the Sellers film superposition model [13],
with the core assumptions as follows:

1. The coolant films generated by different rows of holes are independent of each other.
Specifically, when coolant is injected through the film holes, the gasses ejected from
each row of holes form independent film layers.

2. The adiabatic cooling efficiency at a given location is the combined effect of the
adiabatic cooling efficiency of all upstream film holes.

Based on the above assumptions, when the number of hole rows is n, the adiabatic
cooling efficiency at the wall can be expressed by Equation (1).

η = η1 + ∑n
i=2 ηi∏i−1

j=1

(
1 − ηj

)
, (1)

where ηi and ηj are the local adiabatic film cooling efficiencies created by the i-th and j-th
row (with j < i), meaning the j-th row is upstream of the i-th row. n is the total number of
hole rows. This equation expresses the total cooling efficiency (η) as the combined effect of
the individual cooling efficiencies from each row of holes. The product term ∏i−1

j=1

(
1 − ηj

)
explains the influence of upstream film holes on downstream film holes.

The adiabatic film cooling efficiency of the i-th row of holes can be represented by
Equation (2).

ηi =
Tg − Taw,i

Tg − Tc
, (2)

As shown in Figure 2, as the number of hole rows increases, the deviation caused
by the independence assumption in the Sellers model accumulates, leading to significant
discrepancies between the predicted and actual cooling efficiency results. Therefore, the film
cooling efficiency superposition prediction model must consider the interaction between
the film injection and the mainstream flow to mitigate the predictive bias introduced by the
Sellers independence assumption.
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2.2. Energy Conservation-Based Prediction Method for Multi-Row Film Cooling of Turbine
Outer Ring

To overcome the independence assumption between film hole rows in the Sellers
model and support the prediction of the film cooling efficiency for the turbine outer ring,
this model proposes the following assumptions:

1. The mixing process between the coolant film and the mainstream flow follows the prin-
ciple of energy conservation. Previous studies (Kirollos et al. [39]) have demonstrated
the validity of this method for two hole rows.

2. The interaction between the film layers is confined to a small region during film
injection. In the study by Berkache et al. [41], it was observed that at a blowing ratio
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of 1, the velocity of the coolant film in the normal direction toward the wall rapidly
mixes with that of the mainstream flow, supporting this assumption.

3. The equivalent blowing ratio is used to evaluate the cooling efficiency distribution
for different hole spacings based on the reference cooling efficiency distribution. This
assumption extends the applicability demonstrated by Bogard et al. [42] for slot
film cooling.

Therefore, the process of film superposition can be described as follows.
The injection from downstream film holes causes a sudden increase in the boundary

layer thickness, and a portion of the mainstream flow enters the boundary layer. This
impacts the mainstream temperature during film injection, resulting in variations in the
cooling efficiency.

As shown in Figure 3, when the coolant flow is injected, the boundary layer thickness
experiences a sudden increase. If the coolant mass flow rate is mc, an excess thin layer with
a mass flow rate of C1mc is generated. At this point, the mass flow rate of the mainstream
entering the boundary layer is C2mg. Based on the principles of energy conservation, the
mainstream temperature at the downstream row of holes can be determined, as shown in
Equation (3). (

C1mc + C2mg
)
T′

aw = C1mcTaw + C2mgTg, (3)

where T′
aw represents the temperature after mixing. Harrington et al. [43] argued that a

superposition model based on the single-row film cooling efficiency distribution tends to
overestimate the overall film cooling efficiency. Therefore, the empirical coefficients C1 and
C2 are both positive values.
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Figure 3. Effect of cooling air injection on mainstream temperature.

When film injection occurs, the upstream film cooling efficiency is affected, leading to a
slight increase in the heat transfer temperature. After non-dimensionalization, Equation (4)
is obtained.

Tg − T′
aw

Tg − Taw
=

C mc
mg

C mc
mg

+ 1
, (4)

Equation (4) indicates that when the coolant injection rate is low, the mixing effect of
the mainstream flow is slightly enhanced, leading to a higher wall temperature.

This study introduced the mainstream temperature correction factor, αi, to quantify
the degree of mixing of the mainstream temperature at varying coolant injection rates, as
expressed in Equation (5).

αi =
a mi

mg

a mi
mg

+ 1
+ b, (5)

where a and b are empirical coefficients and mi
mg

represents the ratio of the coolant mass
flow rate to the mainstream mass flow rate for the i-th row of holes.

The mainstream temperature experienced by the film holes from the i-th row to the
subsequent row is given by Equation (6).
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T′
aw,i = Tg,i − αi

(
Tg,i − Taw,i

)
, (6)

where the subscript i denotes the i-th row of film holes and Tg,i, Taw,i, αi, and T′
aw,i corre-

spond to the mainstream temperature, the adiabatic wall temperature generated by the
film cooling, the mainstream temperature correction factor, and the mixed mainstream
temperature at the position of the i-th row of film holes, respectively.

After incorporating the correction for the mainstream temperature, the film cooling
superposition model becomes Equation (7). This model captures the cumulative effect of
film cooling across multiple rows of film holes, where the cooling efficiency of each row is
influenced by both the local temperature and the interactions with other rows.

η = ∑n
i=1

[
ηi∏n−1

j=i αj∏n
k=i+1(1 − ηk)

]
, (7)

where ηi represents the adiabatic cooling efficiency for the i-th row of film holes. αj is
the mainstream temperature correction factor for the j-th row of holes, acounting for the
mixing effect between the mainstream and coolant temperatures.

During the iterative design process of the turbine outer ring, variations in the hole
spacing and diameter, driven by constraints on the minimum hole diameter and changes in
flow rates between different hole rows, increase the demand for a database of single-hole-
row film cooling efficiencies. Bogard et al. [42] analyzed the spanwise-averaged film cooling
efficiency along the streamwise direction as a function of X/Ms for various hole spacings,
as shown in Equation (8). The results indicated that, within the tested range, the trends
in the cooling efficiency were largely consistent across different spacings. This finding
suggests an effective approach: structures with varying hole spacings can be equivalently
represented by a baseline configuration, enabling the cooling efficiency for any specific
spacing to be derived from the baseline distribution.

η = f
(

X
Ms

)
, (8)

where X represents the distance from the origin along the streamwise direction, M repre-
sents the blowing ratio of the film, and s represents the width of the film cooling slot. An
equivalent slot width, s, is defined as shown in Equation (9).

s =
Ahole

P
, (9)

where Ahole represents the area of each individual hole and P denotes the pitch of holes
(the distance between the centers of adjacent holes).

Therefore, an equivalent blowing ratio, Me, is used to normalize the number of holes
and their spacing to the baseline single-hole-row cooling configuration. The assumptions
for the equivalent blowing ratio are shown in Equation (10).

Me = M0
A0

Ae
, (10)

where M0 and Me are the blowing ratios for the initial and equivalent hole configurations,
respectively. A0 and Ae represent the areas of the initial and equivalent configurations.

During the design process of the turbine outer ring, the mainstream temperature and
cooling temperature vary at different locations. Using a fixed temperature can lead to
significant discrepancies in the predicted cooling efficiency. When the mainstream and
cooling temperatures change, ξg,i and ξc,i are used to represent the dimensionless results
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at different positions. Therefore, the adiabatic cooling efficiency for n rows of film holes
should be expressed as Equation (11).

η = ∑n
i=1

{[
ξg,i(1 − αi−1,i>1)(1 − ηi) + ξc,iηi

]
∏n−1

j=i αj∏n
k=i+1(1 − ηk)

}
, (11)

where ξc,i =
Tg,max−Tc,i

Tg,max−Tc,min
and ξg,i =

Tg,max−Tg,i
Tg,max−Tc,min

represent the dimensionless coolant and
mainstream temperatures at the i-th row of holes, respectively. Tc,min denotes the minimum
coolant temperature, which is lower than the local coolant temperature at each row of film
holes. Tg,max represents the maximum mainstream temperature, which is higher than the
mainstream temperature at each film hole location.

3. Experimental Method
3.1. Experimental System

The experimental system, as illustrated in Figure 4, consisted of two primary flow
paths: the mainstream for simulating high-temperature airflow and the coolant for film
cooling. Prior to entering the test chamber, both flows passed through a honeycomb
structure and a damping mesh to ensure uniformity. A pressure stabilization chamber was
also installed at the coolant inlet to further minimize non-uniformities. The mainstream
channel had a height of 120 mm and a width of 110 mm, with the first row of film cooling
holes located 660 mm downstream from the mainstream inlet.
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During the experiment, the mainstream mass flow rate, temperature, and coolant mass
flow rate were precisely controlled by adjusting the throttle valves, vent valves, and heater
power, enabling the accurate regulation of various test conditions. The surface temperature
distribution of the test plate was measured using an infrared thermal imaging camera
and thermocouples.

3.2. Experimental Measurement Methods

The experiment measured the airflow velocity at the mainstream inlet and outlet
using total pressure, static pressure, and temperature sensors. Static pressure sensors
were arranged along the test plate to monitor variations in the mainstream static pressure.
Multiple pressure and temperature sensors were installed in the cooling air stabilization
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chamber to ensure the uniformity of the inlet boundary. The flow rates of both the cooling
air and mainstream gas were regulated using mass flow meters.

The coolant mass flow rate was measured using an FLV J − KJM12A040 − 16A1Y2T2
vortex flowmeter with a measurement error of ±1%. The average mass flux through the film
holes, ρcuc, was obtained using mc/Ac. The mainstream mass flow rate was measured with
an ISA1932 standard orifice plate, also with a measurement error of ±1%. The average mass
flux through the mainstream channel, ρgug, was calculated using mg/Ag. Subsequently,
the blowing ratio, M, during the experiment was determined using ρcuc/ρgug.

The mainstream temperature, Tg, was measured by three K − type total temperature
thermocouples located 186 mm upstream of the film cooling hole plate. The coolant
temperature was measured by seven K − type total temperature thermocouples uniformly
arranged along the wall of the coolant chamber, with a measurement deviation of ±0.75%.

The wall temperature of the test plate was obtained using two methods:

1. A total of 27 wall thermocouples were evenly distributed along the centerline of the
mainstream-side wall of the test plate to measure the centerline wall temperature Taw.
The measurement deviation for these thermocouples was ±0.75%, and they were also
used to calibrate the results from the infrared thermal imaging system.

2. The surface temperature distribution of the mainstream-side wall was obtained using
the Filr SC 620 infrared thermal imaging system, which operates within a wavelength
range of 7.5 µm to 13 µm, with a resolution of 640 × 480 pixels and an accuracy of
±1 K. To ensure precise temperature readings, five circular ZnS infrared windows
were installed at corresponding positions on the test plate, providing excellent image
transmission in the wavelength range of 8 µm to 12 µm. Additionally, the mainstream-
side wall was coated with black paint to enhance surface emissivity. Taking the
position of the first row of film holes as the origin, the streamwise positions for
different windows are shown in Table 2.

Table 2. Streamwise positions, X, for different windows.

Window Number, n Upstream X (mm) Downstream X (mm)

1 25 88
2 162 225
3 298 361
4 433 496
5 569 632

The infrared camera was positioned directly opposite the test plate. Due to the
difficulty of capturing a wide field of view under high-resolution conditions, an electric
sliding rail was installed beneath the infrared camera, parallel to the mainstream cavity,
allowing the camera to move along the direction of the hot air flow. This setup ensured
that each infrared window could be imaged under consistent operating conditions, as
illustrated in Figure 5.

Based on the mainstream-side wall temperature measured by thermocouples and the
infrared thermal imaging system, the adiabatic film cooling efficiency η at the centerline of
the mainstream-side wall and the η distribution at the infrared window positions could be
determined using Tg−Taw

Tg−Tc
.
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3.3. Design of Test Plates

The experimental setup included four test plates: one for calibrating the empirical
coefficients in the mainstream temperature correction model and three for model validation.
Figure 6 illustrates the structure of the test plates, where the streamwise hole spacing is
defined as S, the spanwise hole spacing as P, and the film hole diameter as d. Table 3
provides the structural parameters for the different test plates. In Case 1 and Case 2, the hole
spacing ratios P/d and S/d were kept consistent, while the hole diameters were varied to
investigate the effect of the hole size on the film cooling efficiency within a fixed cooling area.
This design aimed to eliminate the influence of non-geometric factors, such as the blowing
ratio, and to explore the impact of hole size variation on the film superposition process.
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Table 3. Structural parameters of test plates.

d (mm) L×W×H (mm) P/d S/d

Case 1 1.2

710 × 110 × 17

3.5 10.5
Case 2 1.8 4.7 14
Case 3 2.4 3.5 10.5
Case 4 3.0 2.8 8.4

The test plates were fabricated using photosensitive resin with an extremely low
thermal conductivity, approximately 0.1 W/(m · K), using 3D printing technology, pro-
viding nearly adiabatic conditions, as shown in Figure 7. To minimize the impact of flow
non-uniformity within the cooling air cavity on the exit airflow from the film holes, the
thickness of the test plates was set to 17 mm, ensuring an aspect ratio of approximately
5 between the length and diameter of the cooling holes.
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3.4. Experimental Conditions

In the experiments with different test plates, the same mainstream conditions were
maintained. The mainstream inlet temperature was fixed at 360 K, and the inlet mass flow
rate was set to 940 g/s to ensure that the mainstream Reynolds number matched the engine
operating condition. The mainstream exited to the atmosphere through an 80 mm duct.
The cooling air inlet temperature was approximately 300 K. Using Case 1 as the baseline,
its blowing ratio was set to 0.3, 0.4, 0.5, 0.6, 0.8, and 1.0 during the experiments. For the
other test plates, the coolant flow rate was adjusted to match the conditions of Case 1. Both
the mainstream and coolant used air as the working fluid.

3.5. Uncertainty in Experiments

The infrared temperature distribution results for different test plates were calibrated
using thermocouple measurements, as illustrated in Figure 8. Across different test plates, a
relatively linear relationship was observed between the infrared data and thermocouple
readings, indicating a certain degree of reliability in the results. The calibration formula is
provided in Equation (12).

TTC = aTIR + b, (12)

where TIR is the infrared temperature, TTC is the thermocouple measurement, and a and b
are the slope and intercept of the calibration formula, respectively, with a standard error of
∆a and ∆b. These values can be obtained through linear fitting in Origin 9.1.

Table 4 summarizes the calibration curve parameters of the infrared results based on
thermocouple measurements for different test plates.

Table 4. Calibration curve parameters for infrared results.

Test Plate Slope, a Intercept, b Slope Standard Error, ∆a Intercept Standard Error, ∆b

Case 1 1.59201 −35.2228 0.00983 0.51673
Case 2 1.55714 −32.8684 0.02699 1.66951
Case 3 1.57663 −33.1008 0.01902 1.00251
Case 4 1.59836 −35.0375 0.01516 0.87287

The uncertainty level of the film cooling efficiency was estimated using the partial
derivative method proposed by Moffat et al. [44]. In this experiment, the uncertainty of the
adiabatic film cooling efficiency, ∆η, was calculated using Equation (13).

∆η =

√(
∂η

∂Tg
∆Tg

)2
+

(
∂η

∂Taw
∆Taw

)2
+

(
∂η

∂Tc
∆Tc

)2
, (13)

where ∆Tg, ∆Tc, and ∆Taw represent the uncertainties of the mainstream temperature,

coolant temperature, and wall temperature, respectively. The partial derivatives ∂η
∂Tg

, ∂η
∂Tc

,

and ∂η
∂Taw

quantify the sensitivity coefficients of how changes in the mainstream temperature,
coolant temperature, and wall temperature affect the film cooling efficiency η. These
coefficients can be calculated using Equation (2).
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When calculating the cooling efficiency using the temperature obtained from thermo-
couples, the temperature uncertainty was based on the uncertainty of the thermocouple,
∆Taw,TC. When calculating the cooling efficiency using the temperature obtained from in-
frared measurements, the uncertainty of the calibrated adiabatic wall temperature, ∆Taw,IR,
was determined using Equation (14).

∆Taw,IR =

√
(a∆TIR)

2 + (∆aTIR)
2 + (∆b) 2, (14)

The uncertainty level varied with the adiabatic film cooling efficiency. Figure 9 presents
the uncertainty levels of the centerline cooling efficiency and the cooling efficiency distri-
bution for different test plates (with the centerline cooling efficiency derived from ther-
mocouple measurements and the cooling efficiency distribution obtained from calibrated
infrared measurements).

The cooling efficiency deviation based on thermocouple measurements was relatively
smaller. At an adiabatic cooling efficiency of 0.6, the uncertainty in the cooling efficiency
was approximately 0.01. In contrast, the cooling efficiency uncertainty derived from
infrared camera measurements ranged from 0.03 to 0.045. When conducting cooling
efficiency investigations based on infrared results, a spanwise-averaged cooling efficiency
or area-averaged cooling efficiency should be adopted to reduce uncertainty. When the
number of pixels is N, the testing uncertainty of the infrared cooling efficiency is ∆η/

√
N.

Furthermore, the uncertainty in the cooling efficiency decreases consistently as the cooling
efficiency level increases.
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4.2. Analysis of Sellers Model Predictions for Centerline Adiabatic Film Cooling Efficiency 

Figure 9. Deviations (δη) in experimental cooling efficiency for different measurement methods:
(a) cooling efficiency (η ) at centerline position obtained from thermocouple measurements; (b) cooling
efficiency (η) at infrared window positions derived from infrared camera measurements.

4. Results and Discussion
4.1. Single-Hole-Row Film Cooling Characteristics

The distribution pattern of the cooling efficiency for a single hole row serves as
the foundation for predicting the superposition effects of film cooling. Based on the
experimental results of Eckert et al. [45] regarding the adiabatic cooling efficiency of
individual film holes in cylindrical geometries, this study averaged the cooling efficiency
data within a 1.5d range from both sides of a single film hole. This yielded the streamwise
distribution pattern of the adiabatic cooling efficiency for holes with a spanwise spacing of
3d, as shown in Figure 10. Its blowing ratio range was 0.1 to 1.0.
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4.2. Analysis of Sellers Model Predictions for Centerline Adiabatic Film Cooling Efficiency

Figure 11 illustrates the experimental cooling efficiency results of various test plates
and the corresponding cooling efficiency prediction results based on the Sellers superposi-
tion model without the equivalent blowing ratio.

In Figure 11a, when the blowing ratios are 0.3 and 0.51, the predicted cooling efficiency
consistently exceeds the experimental cooling efficiency. However, at a blowing ratio of
0.8, the predicted cooling efficiency was slightly lower than the experimental efficiency for
X/d < 150 and then exceeded it as X/d increased. The phenomenon of the experimental
cooling efficiency at the leading edge being initially higher and then lower may have been
caused by pressure variations along the mainstream channel. Due to flow losses in the
mainstream channel, the pressure along the mainstream cavity exhibits a small gradient,
whereas the pressure in the coolant supply cavity remains nearly uniform. This pressure
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difference causes the coolant flow rate along the streamwise direction to gradually increase,
leading to lower experimental efficiency at the leading edge compared to the average
blowing ratio. As the blowing ratio increases, the influence of the streamwise pressure
gradient on the coolant distribution diminishes, thereby reducing the prediction bias of the
model at the leading edge.
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Figure 11. Comparison of the Sellers model (Sup − s)-predicted cooling efficiency (η) without
the equivalent blowing ratio (Me) and the experimental results (Exp) along the non-dimensional
streamwise distance (X/d) for different test plates at various blowing ratios (M): (a) Case 1
(d = 1.2 mm; P/d = 3.5; S/d = 10.5); (b) Case 2 (d = 1.8 mm; P/d = 4.7; S/d = 14); (c) Case 3
(d = 2.4 mm; P/d = 3.5; S/d = 10.5); (d) Case 4 (d = 3.0 mm; P/d = 2.8; S/d = 8.4).

As X/d increased, the growth rate of the predicted cooling efficiency significantly
exceeded that of the experimental efficiency. At a blowing ratio of 0.3, the predicted cooling
efficiency was consistently higher than the experimental results. However, as the blowing
ratio increased, this phenomenon was alleviated. When the blowing ratio reached one, the
difference between the predicted and experimental cooling efficiency became noticeably
smaller than at lower blowing ratios. It is evident that, within the range of experimental
blowing ratios, the effective area of the predicted cooling efficiency was narrower compared
to the experimental cooling efficiency. This variation with the blowing ratio was primarily
caused by the independence assumption of the Sellers superposition model. Since the model
does not account for interactions between coolant jets or their entrainment effects on the
mainstream flow, the superposition error of the Sellers model accumulates as the number
of film rows increases, leading to a progressive increase in prediction deviations. However,
as the blowing ratio increases, the adhesion of the coolant film to the wall weakens. In the
case of full film cooling, the superposition effect mitigates this detachment phenomenon,
resulting in an increase in the cooling efficiency. As shown in Figure 10, when the blowing
ratio exceeded 0.5, significant film detachment and reattachment occurred, reducing the
accuracy of the predictive model. In full film cooling, this detachment phenomenon is
delayed, which reduces the gap between the predicted and experimental cooling efficiency
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as the blowing ratio increases. In Figure 11c, the streamwise and spanwise hole spacings
of the test plate are identical to those in Figure 11a, but the hole diameter is increased
from 1.2 mm to 1.4 mm. Dimensionlessly, the distribution patterns of the predicted and
experimental cooling efficiency remained essentially the same. However, for a fixed cooling
area, the cooling efficiency level at larger hole diameters was significantly lower than that
at smaller hole diameters.

Under fixed conditions of S and P, Case 2, Case 3, and Case 4 modified the dimension-
less hole spacing by varying the film hole diameter; the distribution of the cooling efficiency
is shown in Figure 11b, c and d, respectively. Case 2 exhibited the largest dimensionless
hole spacing, while Case 3 featured the smallest. The general relative deviation between the
cooling efficiency predicted by the Sellers model and the experimental results decreased
progressively as the dimensionless hole spacing reduced. In Case 2, the predicted cooling
efficiency was consistently higher than the experimental results across various blowing
ratios. In contrast, the predicted results in Case 3 closely aligned with the experimental
results at a blowing ratio of one. In Case 4, the predicted cooling efficiency was lower than
the experimental results at higher blowing ratios.

This phenomenon is primarily due to the use of a single-hole cooling efficiency dis-
tribution model under fixed spanwise hole spacing in the prediction model. For a single
film hole, the cooling efficiency decreases as the distance from the centerline increases.
The presence of multiple film holes within the row inhibits the lateral spreading of each
film, leading to a gradual reduction in the average cooling efficiency as the spanwise hole
spacing increases at a fixed blowing ratio.

In Case 2, shown in Figure 11b, when X/d = 100, an inflection point manifested.
Prior to this point, the cooling efficiency with a blowing ratio of 0.53 was the largest, and
subsequent to this point, the cooling efficiency with a blowing ratio of 0.53 was the smallest.
This is primarily ascribed to the film detachment phenomenon at high blowing ratios. It
can be observed in Figure 10 that the film detachment phenomenon initiated when the
blowing ratio exceeded 0.5. Although in the full film cooling, the superposition of the
films would mitigate this phenomenon, the degree of alleviation for the film detachment
phenomenon at the leading edge was relatively small. Hence, at the leading edge, the
cooling efficiency with a blowing ratio of 0.53 was the highest. With the superposition of
the films, the detached cold gas would reattach to the wall surface once again, which led to
a higher rate of increase in the cooling efficiency under a large blowing ratio, resulting in
the smallest cooling efficiency when the blowing ratio was M = 0.53 and when X/d > 100.

Excluding the errors introduced by the Sellers superposition prediction model, the
prediction for Case 2, with its larger spanwise hole spacing, tended to overestimate the
cooling efficiency. As the spanwise hole spacing decreased, the cooling efficiency along
the flow direction tended to be underestimated. When combined with the overestimation
introduced by the Sellers superposition model, this resulted in the phenomenon observed
in Figure 11b–d.

To verify the applicability of the cooling performance characteristics of a single hole
row with fixed hole spacing under the assumption of an equivalent blowing ratio, the
cooling efficiency was predicted for Case 2 and Case 4 based on this assumption. The
comparison results are shown in Figure 12.

Compared to the cooling efficiency distribution without the equivalent blowing ra-
tio, Case 2 demonstrated significant improvement, with the predicted cooling efficiency
decreasing and aligning more closely with the experimental results. As the number of hole
rows increased, the rate of the cooling efficiency change decreased, resulting in smaller
prediction errors compared to cases without the equivalent blowing ratio.
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Figure 12. Comparison of the Sellers model (Sup − s − M)-predicted cooling efficiency (η) with
the equivalent blowing ratio (Me) and the experimental results (Exp) along the non-dimensional
streamwise distance (X/d) for different test plates at various blowing ratios (M): (a) Case 2
(d = 1.8 mm; P/d = 4.7; S/d = 14); (b) Case 4 (d = 3.0 mm; P/d = 2.8; S/d = 8.4).

Under the equivalent blowing ratio condition, the distribution and efficiency of single-
row film holes were predicted more accurately, thereby more realistically reflecting the
actual conditions of film cooling and improving the prediction accuracy.

4.3. Analysis of Mainstream Temperature Correction Model Predictions

This section provides an in-depth discussion of the predictive model using various film
cooling efficiency indicators. First, the empirical coefficients of the model were calibrated
based on the centerline cooling efficiency distribution, and comparisons were made across
different hole spacings to better understand the characteristics of mixing, penetration, and
wall adhesion between the cooling airflow and the hot mainstream. Next, the spanwise-
averaged cooling efficiency, which reflects the film’s spreading capability and overall
uniformity of coverage, was analyzed to evaluate the model’s predictive accuracy in
characterizing the cooling efficiency on the wall surface. Finally, the area-averaged cooling
efficiency, representing the overall cooling performance of the film on the wall surface, was
compared across different locations to assess the model’s predictive deviations at various
positions and to evaluate its overall cooling performance.

4.3.1. Centerline Cooling Efficiency Prediction

The empirical coefficients in the correction model were calibrated using the cooling ef-
ficiency distributions from Case 1 at blowing ratios of 0.3 and 1.0. The empirical coefficients
in Equation (5), a and b, were determined to be 12 and 0.9465, respectively.

Figure 13a shows a comparison between the predicted cooling efficiency based on
the mainstream temperature correction model and the experimental cooling efficiency for
Case 1. It is evident from Figure 13a that the mainstream temperature correction model
effectively reduced the overestimation of the cooling efficiency at higher hole row counts
under various blowing ratios. Compared to the predictions from the Sellers superposition
model, the accuracy of the cooling efficiency predictions was significantly improved. At
lower hole row counts, predictions from both models were approximately equivalent,
primarily due to the limited adjustments introduced by the mainstream temperature
correction model. As the number of hole rows increased, the effects of the mainstream
temperature correction became more pronounced, reducing the Sellers model’s tendency
to overestimate the cooling efficiency and thereby improving the accuracy of streamwise
cooling efficiency predictions.
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Figure 13. Comparison of the superposition model based on the mainstream temperature correc-
tion model (Sup − α)-predicted cooling efficiency (η) and the experimental results (Exp) along the
non-dimensional streamwise distance (X/d) for different test plates at various blowing ratios (M):
(a) Case 1 (d = 1.2 mm; P/d = 3.5; S/d = 10.5); (b) Case 2 (d = 1.8 mm; P/d = 4.7; S/d = 14);
(c) Case 3 (d = 2.4 mm; P/d = 3.5; S/d = 10.5); (d) Case 4 (d = 3.0 mm; P/d = 2.8; S/d = 8.4).

Additionally, the correction coefficients in the mainstream temperature correction
model increased as the blowing ratio decreased, resulting in better agreement with the
experimental results.

Figure 13b–d illustrate the cooling efficiency predictions for Case 2, Case 3, and Case 4
using the mainstream temperature correction model combined with the equivalent blowing
ratio. The comparison shows that both Case 2 and Case 3 exhibited good agreement with
experimental results at higher hole row counts. In Case 4, the prediction accuracy improved
at lower blowing ratios; however, when the blowing ratio exceeded 0.64, the prediction
accuracy decreased compared to the traditional Sellers model.

Compared to the Sellers prediction model, the mainstream temperature correction
model did not significantly improve the prediction accuracy of the cooling efficiency
at a small number of hole rows. However, as the number of hole rows increased, the
improvement in the cooling efficiency prediction became increasingly significant, and the
deviation from the experimental results was markedly reduced.

The reasons for this phenomenon are primarily as follows:

(a) The mainstream temperature has a relatively small effect on the cooling efficiency
when the hole rows are small, due to the fact that the lateral and streamwise spreading
of film cooling is limited with a small hole row. Thus, it leads to only minor differences
in the cooling efficiency predictions of the two models, and both tend to overestimate
compared to the experimental values.

(b) The influence of the mainstream temperature correction starts to accumulate as the
number of hole rows increases. The mainstream temperature correction model takes
into account the interactions between multiple film cooling rows and their complex
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flow characteristics when the hole rows increase. This makes the predicted results
more consistent with the experimental results.

(c) The mainstream temperature correction coefficients gradually increase as the blowing
ratio decreases, which means that the mainstream temperature correction model can
better capture the interactions between the film and the mainstream at lower blowing
ratios, making the predictions closer to the experimental results.

4.3.2. Spanwise Average Cooling Efficiency Prediction

Figure 14 presents a comparison between the predicted area-averaged cooling effi-
ciency ηave,L and the experimental results, as defined by Equation (15). The square markers
represent the spanwise-averaged cooling efficiency results for each infrared window. Al-
though the results from different windows are not continuous, they effectively illustrate the
distribution of the spanwise-averaged cooling efficiency along the streamwise direction.

ηave,L =
∫

η(x, y)dy, (15)

where η(x, y) represents the film cooling efficiency at a specific point on the wall, obtained
from infrared measurements, where x denotes the streamwise direction and y denotes the
spanwise direction.
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Figure 14. Comparison of the superposition model based on the mainstream temperature correc-
tion model (Sup − α)-predicted spanwise-average cooling efficiency (ηave,L) and the experimen-
tal results (Exp) along the non-dimensional streamwise distance (X/d) for different test plates
at various blowing ratios (M): (a) Case 1 (d = 1.2 mm; P/d = 3.5; S/d = 10.5); (b) Case 2
(d = 1.8 mm; P/d = 4.7; S/d = 14); (c) Case 3 (d = 2.4 mm; P/d = 3.5; S/d = 10.5); (d) Case 4
(d = 3.0 mm; P/d = 2.8; S/d = 8.4).

Overall, the predicted cooling efficiency based on the mainstream temperature cor-
rection model showed good agreement with the experimental results for the spanwise-
averaged cooling efficiency. For Case 1 and Case 4, the prediction performance was essen-
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tially the same as the prediction performance at the centerline position. In Case 2, when the
blowing ratio was 1.44, the cooling efficiency along the flow direction exhibited a slight
decrease at high hole counts. Similarly, in Case 3, when the blowing ratio was one, a slight
decrease in the cooling efficiency was observed, resulting in an overestimation by the
prediction model.

The reason for this phenomenon is that the accumulation of the cooling film leads to
the formation of separation bubbles, which intensify the mixing between the mainstream
flow and the cooling film at this location. This causes the cooling efficiency to decrease
compared to the ideal scenario, altering the original development trend of the film. How-
ever, the prediction model has limitations in terms of accounting for flow separation and
reattachment characteristics, which result in an overestimation of the cooling efficiency.

4.3.3. Area-Averaged Cooling Efficiency Prediction

Figure 15 presents a comparison between the predicted area-averaged cooling effi-
ciency ηave,A and the experimental results, as defined by Equation (16).

ηave,A =
x

η(x, y)dxdy, (16)

where η(x, y) represents the film cooling efficiency at a specific point on the wall, obtained
from infrared measurements, where x denotes the streamwise direction and y denotes the
spanwise direction.
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Figure 15. Comparison of the superposition model based on the mainstream temperature correction
model (Sup − α)-predicted area-averaged cooling efficiency (ηave,A) and the experimental results
(Exp) for different test plates at various blowing ratios (M) for different windows (n): (a) Case 1
(d = 1.2 mm; P/d = 3.5; S/d = 10.5); (b) Case 2 (d = 1.8 mm; P/d = 4.7; S/d = 14); (c) Case 3
(d = 2.4 mm; P/d = 3.5; S/d = 10.5); (d) Case 4 (d = 3.0 mm; P/d = 2.8; S/d = 8.4).

In Figure 15a, it can be seen that at infrared window 1, the predicted cooling efficiency
was significantly lower at blowing ratios of 0.8 and 1.0. However, as the number of rows of
holes increased, the difference between the predicted and experimental cooling efficiencies
gradually decreased. This was mainly influenced by the cooling efficiency levels at the film
hole locations in the test results. Figure 10 shows that the maximum cooling efficiency at
different blowing ratios was around 0.35. The cooling efficiency obtained from infrared
imaging, being taken at the film hole locations with unblended coolant, resulted in an
overestimation of the cooling efficiency at the same X/d location when averaged in the
spanwise direction, as shown in Figure 14a, which led to an underestimation of the cooling
efficiency in window 1. As the number of hole rows increased, this effect diminished, and
the gap between the predicted and experimental results gradually narrowed.

In Figure 15b, it can be seen that at lower numbers of hole rows, the predicted cooling
efficiency was similar to the experimental results. This was mainly due to the combined
effect of film detachment at the leading edge and infrared imaging at higher blowing
ratios and a larger hole spacing. The former reduced the cooling efficiency, while the latter
increased it, leading to a combined effect where the cooling efficiency was lower than
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predicted. Similarly, as in Figure 15a, as the number of hole rows increased, the difference
between the predicted and experimental cooling efficiencies gradually decreased.

Since the streamwise and spanwise hole spacings in Figure 15c are the same as those
in Figure 15a, the trend of the difference between the predicted and experimental cooling
efficiencies was essentially the same and thus will not be further discussed here.

In Figure 15d, the predicted cooling efficiency is generally within the range of the
experimental cooling efficiency, but it is higher at lower blowing ratios and lower at higher
blowing ratios. At a blowing ratio of 0.19, the coolant was strongly affected by mainstream
mixing, which prevented the film at the leading edge of the test plate from effectively
covering the wall, resulting in a lower overall cooling efficiency. However, as the number
of hole rows increased, the film achieved effective coverage, and the cooling efficiency
gradually increased. At a blowing ratio of 0.64, although higher blowing ratios led to
film detachment, the reduction in the spanwise hole spacing helped alleviate this issue.
Additionally, the overestimation of the cooling efficiency at the film hole locations led to a
cooling efficiency higher than the predicted value.

Figure 16 illustrates the relative prediction deviations, ε, with absolute values used
for easier comparison. The definition of the relative prediction deviation is provided in
Equation (17).

ε =

∣∣∣ηave,A,exp − ηave,A,pred

∣∣∣
ηave,A,exp

, (17)

where ηave,A,exp and ηave,A,pred represent the area-averaged cooling efficiency predicted by
the model and the experimentally obtained value, respectively.
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Figure 16. Prediction deviations (ε) of the area-averaged cooling efficiency (ηave,A) predicted
by the superposition model based on the mainstream temperature correction model (Sup − α)
for different test plates and various blowing ratios (M) at different windows (n): (a) Case 1
(d = 1.2 mm; P/d = 3.5; S/d = 10.5); (b) Case 2 (d = 1.8 mm; P/d = 4.7; S/d = 14); (c) Case 3
(d = 2.4 mm; P/d = 3.5; S/d = 10.5); (d) Case 4 (d = 3.0 mm; P/d = 2.8; S/d = 8.4).
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For Case 1, shown in Figure 16a, the prediction deviations remained within 10% at
blowing ratios of M = 0.3 and M = 0.51. However, as the blowing ratio increased to
0.8–1.0, the prediction deviation at the first window rose to 15–20%, while for the second
window, it increased to between 10% and 15%. For other windows, the deviation remained
within 10%.

For Case 2, shown in Figure 16b, the prediction deviations were generally within 10%
for all windows except the first one. At this position, the deviations exceeded 15% when
the blowing ratio was between 0.51 and 1.0, further increasing to over 30% at a blowing
ratio of 1.0.

For Case 3, shown in Figure 16c, the prediction deviations remained within 10% at
a blowing ratio of 0.3. However, as the ratio increased, the deviations for small hole
row counts gradually rose. At a blowing ratio of 0.6, the prediction deviation for the
first window increased to 10–15%, and at M = 1.0, it rose to 15–20%. Conversely, as the
number of hole rows increased, the prediction deviations decreased. For the fourth and
fifth windows, the deviations remained below 10% under various blowing ratios.

For Case 4, shown in Figure 16d, the prediction accuracy for small hole row counts
showed significant deviations. At a blowing ratio of 0.3, the deviation reached approxi-
mately 55%. This was primarily due to the stronger influence of the mainstream flow on the
film at very low blowing ratios, where the equivalent blowing ratio tended to overestimate
the cooling efficiency distribution along a single row of holes. As the film layers contin-
ued to accumulate, their ability to resist mainstream interference improved, resulting in a
gradual reduction in prediction deviations. Across different blowing ratios, the prediction
deviations for the fourth and fifth windows remained within 10%.

Overall, for a large number of hole rows, the prediction model based on mainstream
temperature correction effectively predicted the cooling efficiency of the film, with devia-
tions remaining within 10%.

For lower hole row counts, the limitations of single-hole-row characteristics hindered
accurate matching with experimental results, leading to slightly higher prediction devi-
ations compared to those for larger hole row counts. The prediction model performed
well at low blowing ratios, but as the blowing ratio increased, the prediction deviations
gradually rose, reaching about 20% when the blowing ratio was one.

When the dimensional spacing of holes was modified by increasing the hole diameter,
the experiments revealed significant reductions in the cooling efficiency as the blowing
ratio decreased to a certain threshold. However, the prediction model failed to capture this
pronounced mixing phenomenon, resulting in a rapid increase in prediction deviations.

4.4. Comparison with Other Predictive Models

To further validate the effectiveness of the model, a comparison was conducted with
the model proposed by Zhang et al. [38], which represents the most recent model for
predicting the film cooling efficiency under high hole row counts. Case 1 from this study
and Case 14 from the reference are discussed.

Figure 17 shows the predictions of the film cooling efficiency along the flow direction
for Case 1 using various models. Overall, the literature models tended to overestimate
the cooling efficiency at the centerline position along the flow direction. The variation
in the predicted cooling efficiency across different blowing ratios was relatively small.
Compared to the model proposed in this study, the predictions of the cooling efficiency at
the experiment’s centerline position were less accurate.
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Figure 17. Comparison of the superposition model based on the mainstream temperature correc-
tion model (Sup − α)-predicted centerline cooling efficiency (η) and Zhang’s model (Sup − Zhang)-
predicted results along the non-dimensional streamwise distance (X/d) for Case 1 of this study
(d = 1.2 mm; P/d = 3.5; S/d = 10.5). (a) Predicted results using the superposition model
based on mainstream temperature correction (Sup − α). (b) Predicted results using Zhang’s model
(Sup − Zhang).

Figure 18 compares the spanwise-averaged cooling efficiency predictions for Case 14
in the reference using different models. At a blowing ratio of 0.3, the model proposed
in this study overpredicted the cooling efficiency at lower hole row counts; however, the
prediction accuracy improved as the number of hole rows increased. As the blowing ratio
increased, the reference model significantly overestimated the film coverage on the wall,
resulting in a higher predicted cooling efficiency, whereas the model proposed in this study
showed better agreement with the experimental results.
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Figure 18. Comparison of the superposition model based on mainstream temperature correction
(Sup − α)-predicted spanwise-averaged cooling efficiency (ηave,L) and Zhang’s model (Sup − Zhang)-
predicted results along the non-dimensional streamwise direction (X/d) for Case 14 of Zhang’s
study (d = 1 mm; P/d = 4; S/d = 16): (a) predicted results using the superposition model
based on mainstream temperature correction (Sup − α); (b) predicted results using Zhang’s model
(Sup − Zhang).

Table 5 compares the prediction deviations of two film cooling superposition models
under different blowing ratios.

For Case 1 in this study, the model proposed in this study and the existing literature
model exhibited similar deviation trends across different blowing ratios, but significant
differences exist in the specific deviation values. As the blowing ratio increased, the
prediction deviation of this study’s model remained between −2.1% and 7.3%, while
the literature model showed deviations ranging from 0.5% to 22.8%. This difference
in deviation ranges indicates that the model from this study has higher accuracy and
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stability across a broader range of conditions. In contrast, the literature model may exhibit
considerable uncertainty under certain conditions, significantly impacting its reliability in
practical applications.

Table 5. Comparison of area-averaged cooling efficiency forecast deviations.

Predictive Model Case 1 in This Study Case 14 in Zhang’s Study

M = 0.3 M = 0.5 M = 0.8 M = 1.0 M = 0.3 M = 0.6 M = 0.9
This study 7.3% 3.4% −0.8% −2.1% 9.7% 3.4% 2.2%

Zhang et al. [38] 22.8% 16.1% 5.4% 0.5% 3.0% 8.0% 12.7%

For Case 14 in Zhang’s study, the prediction deviation of the model proposed in this
study similarly decreased with increasing blowing ratios, whereas the literature model
showed the opposite trend. At M = 0.3, the literature model exhibited a lower deviation;
however, as the blowing ratio increased, the deviation rose significantly, reaching 12.7% at
M = 0.9, which is notably higher than that of this study’s model. This further demonstrates
the accuracy of the model proposed in this study under most conditions, particularly under
high blowing ratios, where its performance is notably superior.

5. Conclusions
In designing a turbine outer ring with film cooling, accurately predicting the cooling

efficiency of multiple rows of film holes along the flow direction can significantly reduce
the design iteration time. Therefore, developing a reliable superposition prediction method
is crucial. However, most existing methods are limited to cases with a small number of
rows, assume constant flow temperatures, and rely on pre-determined single-row charac-
teristics. Research on superposition models for cases involving many rows, varying flow
temperatures, or limited single-row data remains insufficient. Further studies are needed
to develop an effective superposition prediction method for turbine outer ring surfaces.

This study developed a superposition prediction model based on mainstream temper-
ature correction from an energy conservation perspective, using a single fixed hole spacing.
Under the assumption of an equivalent blowing ratio, the model enables film cooling
efficiency prediction with minimal cooling efficiency data requirements. A dimensionless
temperature parameter was introduced to account for mainstream and secondary flow
variations at different positions.

Additionally, four different structural configurations of film cooling efficiency experi-
ments were conducted to validate the prediction model, which was also compared with an
existing film superposition correction model. The results indicate that the corrected predic-
tion model shows good agreement with experimental results. The following conclusions
were drawn from this study.

1. The existing Sellers method accumulates prediction errors as the number of hole rows
increases, resulting in an overestimation of the cooling efficiency compared to exper-
imental results. Although using an equivalent blowing ratio in the Sellers method
helps the predicted distribution range align more closely with experimental data,
it still tends to underestimate the variation in the cooling efficiency across different
blowing ratios while overestimating the film cooling efficiency at different positions.

2. Introducing a mainstream temperature correction factor effectively addresses the
overestimation of the cooling efficiency in the prediction model. This correction
improves the accuracy of predictions across various blowing ratios, resulting in better
agreement with experimental data. In most cases, the prediction accuracy is higher at
lower blowing ratios and with a larger number of hole rows.
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3. Compared to existing models in the literature, the proposed model demonstrates
higher prediction accuracy under most conditions. It provides a simplified modified
model that can be easily applied in the design of turbine outer rings and other similar
structures with film cooling.

Compared to existing film cooling superposition models, the proposed model incorpo-
rates more design factors, including variations in the mainstream and coolant temperatures
along the flow direction, the equivalent blowing ratio method when film cooling distri-
bution characteristics are unavailable, and a model correction approach based on energy
conservation that breaks the assumption of film independence. This model offers the
potential for rapid design in the early stages of complex structure development and demon-
strates strong applicability in mixed-dimensional coupled designs of complex components
(e.g., integrating low-dimensional film cooling models with high-dimensional heat transfer
models). While the empirical coefficients in this model cannot fully cover all film cooling
structures and operating conditions, the model provides valuable design references for
other structural configurations.
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Nomenclature

A area a empirical coefficient a
b empirical coefficient b C empirical coefficient C
d diameter Exp experiment
H height of the test plate L length of the test plate
IR infrared TC thermocouple temperature
M blowing ratio m mass flow rate
n infrared window index P pitch of holes
Sup − s Sellers superposition model S hole spacing
Sup − s − M Sellers superposition model with equivalent bleed ratio
Sup − α superposition model based on mainstream temperature correction
s slot width T temperature
u velocity W width of the test plate
X distance from the origin along the streamwise direction
α mainstream temperature correction factor
ε error value η film cooling efficiency
ξ dimensionless temperature ρ density
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Subscripts
0 initial state 1 film hole row 1
2 film hole row 2 ave, A area average
ave, L line average aw adiabatic wall
c coolant e equivalent state
exp experiment result g mainstream
i film hole row i j film hole row j
k film hole row k max maximum value
min minimum value n film hole row n
pred prediction result
Superscripts
′ modified parameters
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