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Abstract

Short hole investigations relevant to gas turbine (GT) hot walls cooling heat
transfer techniques, were carried out using computational fluid dynamics
(CFD) combined with conjugate heat transfer (CHT) code. The CFD software
are commercial ones: ICEM for grid modelling and ANSYS Fluent for the
numerical calculation, where symmetrical application prevails. The CFD
CHT predictions were undertaken for Nimonic-75 metal walls with square
(152.4 mm) arrays of 10 holes, whereby the lumped heat capacitance method
was applied in order to determine the surface average heat transfer coefficient
(HTC), A (W/m? K) and the dimensionless Nusselt number, Nu. The major
parameters considered for the short hole geometries are the pitch to diameter,
X/ D and length to diameter, L/ D ratios and both were varied with range of D
values, but X of 15.24 mm and L of 6.35 mm kept constant. Also applied, are
variable mass flux, G (kg/s-m?) and were used in predicting the flow aerody-
namics in the short holes. The predictions were for classic thermal entry
length into a round hole, as vena contracta, flow separation and reattachment
dominates the holes, hence the development of thermal profile through the
depth of the GT hot walls. Additionally, the acceleration of the flow along the
wall surfaces as it approaches the holes, was a significant part of the overall
heat transfer. This was shown to be independent of the hole length, even
though the Z/D parameter is a critical component to enhanced heat transfer.

*Fluid (air) flow in a short hole with 90° entrance edges, resulted into vena contracta effect, which
affect the actual flow area of the hole. This research work concentrate on the predictions of heat
transfer in the short hole using the combined efforts of CFD and CHT code.
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The CFD CHT predictions showed that validation of the HTC A, Nu and
pressure loss, AP are in better agreement with measured data and within rea-
sonable acceptance. The AP agreement signifies that the aerodynamics were
predicted correctly, which is also the reason why the HTC expressed per wall
hole approach surface area and Nu were better predicted. This illustrates how
effective and efficient the wall internal heat transfer cooling is for gas turbine
hot wall heat transfer using airflow jets cooling.

Keywords

Lumped Heat Capacitance, Thermal Entry Length, Symmetrical Application,
Flow Separation, Flow Reattachment

1. Introduction

Improved wall heat transfer cooling of gas turbine (GT) hot walls: combustor
and turbine blades, enhances the efficiency of the GT power generating plant. Is
an established fact that the GT combustion temperatures (combustor exit or tur-
bine entry) are well in excess of the melting point of the metal materials [1] [2]
of the component walls, hence the needs for better and optimized cooling tech-
niques, as Figure 1 shows. This advances in providing improvement to the GT
power system, is the reason why emission is optimally controlled and the ther-
mal resistance materials are continuously protected. In addition, the cooling air
is minimized due the application of effective cooling techniques [3] [4], typically
impingement jet cooling (Figure 1) using short holes [5] [6], where the cycle
thermal efficiency is improved and carbon dioxide (CO,) and NOx emissions are
lowered [6] [7] [8] [9].

Typical GT cooling walls [10] [11] are the instances where a short hole acts as
a heat exchanger to cool the target wall or protect it as film shields, hence an ef-
ficient system with substantial cooling design mechanisms. This application oc-
curs in either effusion, impingement or combination of both cooling techniques,
as the schematic of the experimental rigs of Figure 2(a) and Figure 2(b) show,
where Figure 2(b) is meant for future development and experimental proce-
dures. The aerodynamics of short holes involve inlet entry effects [12] that create
a region of vena contracta, which generates inlet flow separation and reattach-
ment [3] [6] [13] in the hole which also results into flow development at the hole
exit. Significantly, the design variables that are critical to the short hole are the
pitch, X'to diameter, D and length to D ratios: X/D [9] [14] and L/ D [15], which
also helps in determining the number of holes per surface area, n (m~) and the
total number of hole, N for the cooling wall. This work enables the use of com-
putational fluid dynamics (CFD) combined with conjugate heat transfer code to
better understand flow aerodynamics in the hole and use the results to optimize

the design.
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Figure 1. Schematic diagram of a regenerative cooled combustor using short holes as jets.
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Figure 2. Experimental rig used for validation of the CFD predictions and proposed rig.
(a) Hot gas flow heating rig [9] [13]; (b) Coal heating rig.
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1.1. Short Hole Aerodynamics

The key experimental parameter that has been shown to be a significant factor in
ascertaining that flow aerodynamics are adequately captured in the cooling short
holes, is the pressure loss, AP (Equation (1)). It provides that if A Pis successfully
predicted, then the hole inlet flow separation and reattachment are also correctly
predicted, hence the vena contracta effects [3] [13]. Therefore, work here con-
centrate on resolving and predicting the hole flow characteristics, in order to
compare measured data with CFD predictions. The correctness of the AP (Equa-
tion (1)), is also the perfection of the flow velocities, turbulence kinetic energy
(TKE), & (m?%/s*) and the heat transfer coefficient (HTC), 2 (W/m*K) [9] [13]
[16] [17] [18] [19] [20] as Equations (1) - (5) shows, which this CFD CHT work
is expected to reveal. Similar analysis (CFD CHT), can also be applied to other
cooling techniques with short holes and 90° entrance region.

Work here, predominantly concentrate on the hole in the cooling wall with
small thickness, in order to understand the effects of the geometrical design pa-
rameters alongside mass flux, G (kg/s:-m?). The equivalent of the cooling wall
thickness, is the short hole where cooling air as ambient or sea temperatures of
25°C or 15°C [5] [7] [21], respectively with a range of inlet velocities are used.
This results into the hole Reynolds number, hence the CFD simulation is
enabled for the predictions of the flow fields that characterize cooling efficiently
[19] [22] [23] [24] [25]. Work here, ignores the impact of the airflow on the im-
pingement target plate and does not consider the flow resolutions in the im-
pingement gap and effects of the reversed flow jets, but the visual outlook will be
shown using Equation (5), for a better understanding of its impacts. Worth not-
ing is that the CHT is the influence of combined fluid and solid interactions,
whereby conduction inside a solid wall and convection of fluid along the wall
surface coexists, as shown in Equation (3). This relationship is based on the wall
boundary layer concept where at the surface, energy transfer is only by conduc-
tion as fluid motion is at zero velocity with thermal conductivity, k = kf. Hence,
Equation 3 is from the combined concepts of heat transfer laws: Fourier’s Equa-
tion and Newton’s law of cooling [6] [26] [27], where fluid thermal effects and

temperature differences characterized the HTC.
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1.2. Cooling Heat Transfer and Nusselt Number

Protecting the life of the GT hot walls, significantly satisfy the requirements for
high power output and low fuel consumption, which are better achieved using
cooling techniques [1] [2]. The GT cycle thermal efficiency, which is controlled
by the turbine entry temperature (>2800 K for aero engines [28] in the near fu-
ture), is also a significant factor that must be adequately managed. This is in or-
der to keep the walls of the GT combustor and turbine blades within a safe oper-
ating temperature and would not be above the melting point of the metal walls.
To effectively cool the walls, the geometrical design and heat transfer analysis
must be correctly carried out, hence Equations (2) and (4) are applied in the
CFD code in order to conduct the predictions. With metallurgical limitations of
the metal materials, cooling the walls of the GT component, is a reliable method
of protecting the GT engine from the hot gas core flow or stream, as Figure 2(a)
show.

Reliably, GT hot metal walls cooling helps in controlling [15] [29] [30] [31]
the effects of increased turbine inlet temperature alongside the associated pollu-
tant emissions [32] [33] that also affects the air mass flow rate, as in Figure 3.
Optimizing the GT cooling design in order to overcome material deterioration
and minimized emissions, the solution is the application of CFD CHT tool. The
dimensional wall convective cooling heat transfer coefficient (HTC), 2 (W/m*K)
of Equation (2), is defined in the CFD code to ascertain cooling effectiveness,
which is normalized as dimensionless Nusselt number, Nu and is based on the
geometry and thermal effects, as in Equation 4. Both Equations (2) and (4) are
used in the present CFD research work, to validate the CFD predictions. Also the
temperature differences that indicates influence of heat transfer are normalized
in Equation (5), which is in order to show the reversed heating of air jets will be

revealed here, as this is rarely shown experimentally.
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Figure 3. Expression for the approximation of cooling air flow mass fraction [28].
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2. CFD Methodology

2.1. Grid Generation

Grid sensitivity test using ICEM meshing combined with ANSYS Fluent tools
was previously carried out by El-jummah et al [34], which work here also adopts.
This work implored the same grid refinement techniques in the hole with grid
size (~60 cells/plane) varying based on X/D or G values using hexahedral struc-
tured grid [9] [27] [35] [36] [37]. Table 1 show the parameters that were used to
transformed the computational diagram of Figure 4 into the grid modelled
geometry of Figure 5, where the half short hole with smooth surface was also
shown. Experimentally [3], the hole wall typical of Nimonic-75 material [38]
[39], cannot be smooth and is based on roughness effects that is due to certain
inaccuracies caused by the porosity of material or drilling equipment. Figure 4
show that application of symmetry was imposed at the centre line of hole and
plane between rows of 10 x 10 holes, which is a replica of the experimental rig
shown in Figure 2. Table 2 shows that the percentage of grid size in the holes
with varied X/ D, indicates that higher X/D gives larger percentage of grids in the
holes. Also worth noting is that decreasing G decreases the number of cells in
the hole, hence for every X/D and with changes in G, grid size is also altered ac-

cordingly.

Table 1. Geometrical parameters for the computational modelled grid array of holes.

XID
Parameters

11.04 6.99 6.54 4.66
D (mm) 1.38 1.42 233 3.27
L (mm) 6.35 6.35 6.35 6.35
Z(mm) 10.00 10.00 10.00 10.00
L/D 4.60 4.47 2.73 1.94
Z]D 7.25 7.04 4.29 3.06
n (%) 4306 4306 4306 4306

Z] D is important but is not part of this work and is meant to show that the exit air is also
flown out.

Table 2. Grid size and Y* values applied to the modelled short holes.

Grid Size
XD
Air Jet Cooling Holes (%) Total in Geometry
11.04 7.09 2.08 x 10° 44.8
6.99 6.76 1.87 x 10° 41.5
6.54 6.62 1.77 x 10° 39.2
4.66 6.13 1.27 x 10° 35.6

The Table excludes other parts of the geometry, as work here only deals with short holes.
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Figure 5. Short holes computational modelled grid applicable to GT cooling technique.

2.2. Model Grid Computation

ANSYS Fluent CFD code is the numerical software used in this work and the
calculations (using flow parameters in Table 3) for all the geometries modelled,
were carried out using standard wall function approach and standard & - ¢ tur-
bulence model. The range of y* values increases [6] [9] with increased X/ D and
G of 1.93 kg/s:m* (Table 2), which was based on the uniformity of the cells down
through the holes, it also indicates resolution of air flow fields in the holes. The
values of the y* (operates within near wall law 30 < y* < 300) [40] [41] [42] in all
cases have been shown by El-jummah et al [9] [20] to captured high or low
Reynolds number flow approach in the short holes, hence L/D effects [15]. The
initial and boundary conditions (BC) imposed includes: fixed inlet coolant and
hot-side temperatures, 7., of 288°C and 353°C, respectively, density, p of 1.225
kg/m?, velocity inlet (G/p)/outflow, walls (hole, sides, coupled thermal and tem-

perature) symmetry. Turbulence intensity of ~5% calculated from the plenum
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Table 3. Computational flow parameters used for the CFD predictions.

Air Mass Flux, G (kg/s m?), X/ D of 4.66 and D of 3.27 mm

Parameters
1.93 1.48 1.08 0.71 0.35
V; (m/s) 434 335 24.3 16.0 7.7
Ren 9680 7440 5400 3560 1650
T- (K) 288 288 288 288 288
p (kg/m?) 1.225 1.225 1.225 1.255 1.225

Target wall temperature applied in this work is 353 K.

inlet Reynolds number and hydraulic diameter. The criteria that were sets for
convergence includes: 107 for continuity, 107® for energy and 1077 for %, & wand
momentum (x, y and z velocities), respectively. Iterations were run and con-
verges using steady state solutions at flow time ~0.05 s and in order to stabilized
the computations, transient simulations were also carried out. An industrial and
upgraded generation type of high performance computer (HPC) was used,
which is in order to adequately calculate regions of flow and heat transfer with
large number of grids and regions with refined grids and cell growth down-

stream the hole exits.

3. Computational Results and Discussions

Table 3 shows the flow parameters that were imposed as initial and boundary
conditions used for each numerical calculations carried out here, which is for
X/ D of 4.66. Similar Tables for other X/ D that were shown in Table 1, are also
available but not shown here, implying that for each G assigned to an X/D
shown in Table 3 is one grid geometry and computational effort. Also, the size
of the grid cell depends on the values of X/Dand G, if X/D and G are large, the
number of cells is also high, but with large X/.D and small G the grid size is re-
duced but lower than that with smaller values of X/Dand G.

3.1. Short Hole Flow Visualization and Characterization

Figure 6 and Figure 7 show typical description of flows as depicted by work of
Cho and Goldstein [3] of Figure 6 that vena contracta effects, results into flow
separation and reattachment, which also increases the flow velocity with flow
reduced area. Their work was compared with this CFD predictions in Figure 6,
it reveals that the regions that were described by Cho and Goldstein [3] are cor-
rectly predicted by the velocity pathlines and TKE, 4 results. It shows from the
TKE predictions that flow reattachment also creates vortices that possibly have
consequential effects on the air mass flow, G for X/ D = 4.66, as in Figure 7. Fig-
ure 7 indicates that if G is less than 0.35 kg/s m? the effects of the contracta
could affect the reattaching flow and increases the downstream air jets velocity,
while other Gs are not affected as the flows are within the vena contracta re-
gions, implying that the AP is expected to be valid, as in Figure 8. This implies
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that the CFD predictions with the application of the refined hexahedral struc-
tured grid, wall function and standard & - ¢ turbulence model, captured well the
flow aerodynamics in the hole and the use of high performance computer (HPC)
is adequate for the CFD calculations.

3.2. Validation of the CFD Predictions

Comparison of measured data and CFD predictions were made in Figure 8 and
Figure 9, whereby pressure loss and heat transfer coefficient for the hole wall
boundaries are correctly predicted. Figure 8 shows that AP increases with in-
creased X/D and there is perfect agreement with work by Andrews and Mpadi
[5], as both the geometrical and flow parameters are similar to that simulated in
this work. Also predicted correctly with the experimental data [5] and within the
10% experimental error bar, is the surface average HTC of Figure 9. It shows
similar trend with that predicted in Figure 8, which indicates that AP influences
HTC, hence the aerodynamics in the short holes that captured the flow separa-
tion and reattachment (Figure 6 and Figure 10).

Figure 11 is the comparison of Nusselts number per measured data of work
by Mills [12] with this CFD prediction. It shows reasonable agreement and with
insufficient influence on L/D. The disparity in agreement could be based on the
fact that the experimental parameters vary with the computational one but are
closely similar and the differences are insignificant, hence comparisons are
possible. Figure 8, Figure 9 and Figure 11 show that the experimental results
validate the CFD predictions, which implies that the use of the present CFD
code and techniques are adequate in optimising the design procedures used here.
Figure 10 shows that conjugate heat transfer can also be combined with CFD
tools in order to predict the complex mechanisms in the short hole that experi-

mentally are either not possible or are costly.
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Figure 9. Comparison of CFD prediction with literature based heat transfer measured
data.
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3.3. Conjugate Heat Transfer

Figure 10 shows that the predicted heat transfer is clearly the influenced of the
TKE aerodynamics prediction of Figure 12, with a similar trend of prediction
for the Nusselts number result in Figure 12. This further demonstrates the pre-
dicted results shown in Figure 6 and the consequences associated with aerody-
namics, whereby largely the Reynolds number, Re in Table 3 are turbulence in
nature and hence resulted into jets flow. The used of Equation (5) (7") reveals
that the exit hole sides are associated with reversed air jets flow as in Figure 12,
which also affects the conjugate heat transfer in the hole wall surfaces and is the
reason why high X/D with high Re of Figure 10 gave high transfer. Also shown
in Figure 13 is 7", which indicates that upstream holes extract heat higher with
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X/ D, while downstream holes gave lower heat transfer as a result of crossflow
effects [9] [13] [19] [20].

4. Conclusions

Applications of jet cooling using the combination of conjugate heat transfer and
computational fluid dynamics, were achieved and validated with experimental
data. This is to further optimize the design procedures that apply to gas turbine
cooling systems.

The use of conjugate heat transfer has revealed that enhancing heat transfer
cooling depends critically on the aerodynamics as well as the pressure loss. If the
aerodynamics are well captured, pressure loss will be correctly predicted which
has significant effects on the characterization of the heat transfer on the gas tur-
bine hot walls.

The CHT CFD predictions showed that gas turbine cooling techniques are
better modified, upgraded and developed using CFD codes. It further reveals
that the use of numerical tools reduces cost as a larger number of computation-
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ally modelled grids could be generated within the framework of high perfor-

mance computer systems and licensed software packages.

5. Recommendations

Future work will be looking at experimental facilities that are expected to give
higher heat flux with a thermal gradient of the material falling within its stan-

dard limitations. Also to at include considering grid types and turbulence models.
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