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ABSTRACT 

Conjugate heat transfer (CHT) computational fluid dynamic (CFD) predictions, were carried out for a 10 

× 10 square array of impingement holes, for a range of pitch to diameter ratio X/D from 1.9 to 11.0 at a 

constant impingement gap Z of 10mm and pitch X of 15.24mm.  The variation of X/D changes the 

impingement wall pressure loss for the same coolant mass flow rate and also changes the interaction with 

the impingement gap cross-flow.  The experimental technique to determine the surface averaged heat 

transfer used the lumped capacity method with Nimonic-75 metal walls with imbedded thermocouples and 

a step change in the hot wall cooling to determine the heat transfer coefficient h from the transient cooling 

of the metal wall.  The test wall was electrically heated to about 80oC and then transiently cooled by the 

impingement flow and the lumped capacitance method was used to measure the locally surface average 

heat transfer coefficient.  The predictions and measurements were carried out at an impingement jet mass 

flux of 1.93kg/sm2bar, which is a typical coolant flow rate for regenerative impingement cooling of low 

NOx gas turbine combustor walls.  The computations were conducted for a fixed hot side temperature of 

353K that was imposed at the hot face of the target wall.  The wall temperatures as a function of distance 

along the gap were computed together with the impingement gap aerodynamics.  Surface average heat 

transfer coefficient h and pressure loss predictions were in good agreement with the experimental 

measurements.  However, there was less good agreement for the axial variation of the local surface 

averaged h for lower values of X/D.  The surface averaged heat transfer to the impingement jet wall was 

also computed and shown to be roughly 70% of target wall impingement heat transfer. 

INTRODUCTION 

Conjugate heat transfer (CHT) computational fluid dynamic (CFD) predictions, were carried out for a 

10 × 10 square array of impingement holes, for a range of pitch to diameter ratio X/D from 1.9 to 11.0 at a 

constant impingement gap Z of 10mm and pitch X of 15.24mm.  The variation of X/D changes the 

impingement wall pressure loss for the same coolant mass flow rate and also changes the interaction with 

the impingement gap cross-flow.  The experimental technique to determine the surface averaged heat 

transfer, used the lumped capacity method with Nimonic-75 metal walls with imbedded thermocouples and 
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a step change in the hot wall cooling to determine the heat transfer coefficient h from the transient cooling 

of the metal wall.  The test wall was electrically heated to about 80oC and then transiently cooled by the 

impingement flow and the lumped capacitance method was used to measure the locally surface average 

heat transfer coefficient.  The predictions and measurements were carried out at an impingement jet mass 

flux of 1.93kg/sm2bar, which is a typical coolant flow rate for regenerative impingement cooling of low 

NOx gas turbine combustor walls.  The computations were conducted for a fixed hot side temperature of 

353K that was imposed at the hot face of the target wall.  The wall temperatures as a function of distance 

along the gap were computed together with the impingement gap aerodynamics.  Surface average heat 

transfer coefficient h and pressure loss predictions were in good agreement with the experimental 

measurements.  However, there was less good agreement for the axial variation of the local surface 

averaged h for lower values of X/D.  The surface averaged heat transfer to the impingement jet wall was 

also computed and shown to be roughly 70% of target wall impingement heat transfer. 

The important design variables in impingement cooling are as shown in Fig. 2, which are the pitch to 

diameter ratio X/D, impingement gap to diameter ratio Z/D, the number of holes per surface area n and the 

number of holes N, in the direction of the cross-flow in the impingement gap.  There are currently 

insufficient experimental data to enable optimum impingement cooling designs to be developed, 

particularly for the regeneratively cooled wall case [7].  The use of conjugate heat transfer (CHT) 

computational fluid dynamics (CFD) can enable optimum impingement air hole configurations to be 

developed for particular applications [4, 5, 8]. 

The problem with impingement cooling with no associated effusion film cooling is that the efflux of the 

cooling air along the gap produces a cross-flow [9 - 11].  This cross-flow deteriorates the heat transfer with 

distance along the gap and may induce a flow-maldistribution in the rows of impingement holes.  Figure 3 

shows that if P1 - P2 (low mass flow rate) < P1 - P2 (high mas flow rate) implies cross-flow and if P3 - P2 > 

P1 - P2 then flow-maldistribution is severe.  Flow-maldistribution is influenced by the X/D and the number 

of upstream rows of holes N [9 - 11].  The present work investigates experimentally and using CHT CFD 

the influence of X/D.  The experimental results were for metal walls with active conjugate heat transfer and 
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thus provided data to validate the CHT CFD methodology, so that it could be used more generally in gas 

turbine cooling system design. 

 

 
Fig. 1: Schematic of regenerative cooled combustor  

 

 

 
Fig. 2: Impingement jet cooling geometrical setup 
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Fig. 3: Schematic diagram of impingement jet cooling geometrical setup with gap cross-flow pressure 

gradient [7]. 

Conductive heat transfer in the metal wall occurs in practical engines, but most experimental and CFD 

investigations of impingement heat transfer are for adiabatic wall conditions.  The issue of the design of 

impingement systems in terms of the number of holes and the optimum X/D are not amenable to design 

from current correlations.  Essentially the optimum impingement cooling design for a fixed Z, is for the 

lowest number of rows of holes N and the largest X/D that can be tolerated without excessive thermal 

gradients in the metal wall.  This cannot be determined from experiments with adiabatic walls.  Essentially 

the thermal gradients will determine the number of holes and the maximum pitch X allowable and this will 

determine the optimum number of holes.  The authors have shown that the n = 4306m-2 used in the present 

work was close to the optimum X for an X/D of 4.7 [19].  The present work was carried out to investigate 

the influence of X/D at a constant n of 4306m-2 

Effects of X/D on Impingement Heat Transfer 

The pitch to diameter ratio X/D can be varied by varying X at constant D, which changes n and the 

pressure loss or D at constant X.  This keeps n constant, as the pressure loss is varied and this was the 

method of varying X/D used in the present work and in previous experimental work using four sided exit 

impingement cooling [12, 13].  Whichever method of varying X/D is used, the main associated effect is to 

vary the impingement jet velocity Vj and impingement wall pressure loss ǻP/P as the total impingement air 
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flow porosity A is varied.  This is shown by Eqs. 1 - 3 for square array impingement holes.  Increasing X/D 

increases Vj at constant G and this increases the impingement heat transfer. 
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Several investigators have shown that increasing X/D or open area porosity A, enhances the heat 

transfer [14] due to the increased impingement jet velocity and associated turbulence levels.  For 

geometries with large X/D and small A, Eqs. 1 - 3 show that for a given coolant mass flux G, the pressure 

loss will increase.  If the impingement gap Z is constant, then the pressure loss of the cross-flow along the 

gap does not vary significantly with X/D.  This is because the cross-flow velocity Uc is fixed by G and Z, as 

shown by Eq. 4.  However, Eq. 5 shows that as the impingement jet velocity increases with X/D, then the 

ratio of Vj to the cross-flow velocity Vj/Uc increases.  This assumes that the two flow densities are the 

same, which is valid in the present low temperature experiments.  If X/D is large enough and there is no 

flow-maldistribution between the rows of impingement jet holes in the cross-flow direction, then heat 

transfer deteriorates with distance from the first row of holes [3, 14 -17].  This effect was correlated by 

Chance [14] and Kercher and Tabakoff [15] using the term Ic as in Eq. 6. 
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Where W is the length of wall to be cooled. 

Andrews and Hussain [10, 11] showed that Eq. 6 could be shown to be converted to Eq. 7, if the density 

of the cross-flow and impingement jet were the same.  This shows that the deterioration of the heat transfer 

with distance along the gap is not dependent on the gap depth, which is an unexpected result, first noticed 

by Chance [14] and Gaunter et al. [21].  To minimize the deterioration of heat transfer for a length of wall 

to be cooled, Eq.7 shows the importance of using a large X or a small N with a small D.  How large X can 

be made will depend on the thermal gradients in the wall, which this present work investigates.  Equations 

1 - 7 assumes equal coolant flow distribution to each impingement hole. 

A further feature of impingement cooling with single sided exit from the impingement gap is that the 

pressure loss generated by the cross-flow generates a flow-maldistribution for low impingement wall 

pressure loss.  Equations 2 and 3 show that at constant G, the impingement wall pressure loss reduces as 

X/D reduces or A increases.  Thus, at low X/D the pressure loss along the cross-flow direction is significant 

relative to the impingement wall pressure loss and flow-maldistribution occurs with the downstream 

impingement holes receiving more air [15].  Andrews and Hussain [10, 11], showed using Eq. 8 that flow-

maldistribution could be predicted for incompressible jet flow by the ratio GN/G1, derived from the ratio 'y' 

of jet to cross-flow pressure loss as in Eq. 9.  
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     Equations 8 and 9 show that if 'y' is large then the flow-maldistribution will be large.  Decreasing Z 

or increasing N, A or X will make the flow-maldistribution increase.  In the present work the hole porosity 

A was varied by varying D at constant X.  Previously, El-Jummah et al. [5] have used CHT CFD to explore 
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the consequences of varying Z at constant X, D, N and A.  Strong flow-maldistribution was shown for X/D 

= 4.7  at low Z/D, which was minimal at high Z/D. 

EXPERIMENTAL TECHNIQUES 

The experimental equipment [1, 7 - 13] is as shown in Fig. 4a.  It consists of an air supply to a thermally 

insulated plenum chamber feed to the impingement holes.  Nimonic-75 impingement test plates, shown in 

Fig. 4b of 152.4mm square were bolted to the plenum chamber.  An impingement gap Z of 10mm was set 

using a Teflon spacer flange which formed a one sided exit channel.  The Teflon spacer has a low thermal 

conductivity and this minimized the transfer of heat between the two metal walls.  Nimonic-75 is a 

common combustor metal wall material which was the reasons for its choice as the target wall.   

Figure 4b shows the schematic diagram of the test plates with the location of the imbedded grounded 

junction mineral insulated thermocouples shown.  The thermocouples were brazed to the Nimonic-75 walls 

with the thermocouple junction flush with the impingement jet target surface.  There were six 

thermocouples at 25.4mm intervals placed on the centreline between the impingement surface jets and thus 

at the most remote places relative to the high local convective cooling of the impingement points.  

Conductive heat transfer within the wall smoothed out the strong gradients in surface convective heat 

transfer, as the Biot numbers for all conditions were < 0.2. The thermocouples thus measured a surface 

averaged temperature and were located at the lowest local convective heat transfer position and hence 

would give slightly higher temperatures than the mean and thus result in conservative heat transfer 

measurements. 

In addition to the central thermocouples, Fig. 4b shows that on the target wall there were thermocouples 

located 25.4mm either side of the centre line.  These were used to determine the transverse variation of the 

surface averaged heat transfer h.  The variability between these thermocouples was the principle error in the 

determination of h.  This error was due to the experimental variability in the hole diameter  due  to  

manufacturing  tolerances,  which produced a variation in  coolant  mass  flow  rates  per  hole.      In 

addition to the hole diameter variation the hole inlet and internal surface roughness were variable due to 

manufacturing tolerances.  The variation in the thermocouple response between the three and five transverse 
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    a) Test rig 

 

 
               b) Test plates 

 
Fig. 4: Impingement cooling experimental test rig and test plates configurations with thermocouples 

locations 
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thermocouples in Fig. 4b was 5% and this was used as the accuracy of the measurements of h. 

  )10(





TT

q
h

s  

The target wall thermocouples were used to determine the locally surface averaged heat transfer 

coefficient using the lumped capacitance method [1, 7 - 3].  The thermally insulated wall was electrically 

heated in the absence of any impingement coolant flow to about 80oC and then the electrical heating was 

switched off, after which the impingement flow was established.  The transient cooling of the target wall by 

the impingement flow enabled the surface averaged heat transfer coefficient to be determined using  Eq. 10 

[5, 18].  Abdul-Husain and Andrews [7] have shown that this method gave good agreement with steady 

state methods of heat transfer measurements [14, 15, 17] for the same impingement geometry and air hole 

Reynolds number.  In their work, comparison was also made between steady state and transient cooling h 

for single thermocouples for a range of G values and the results were in agreement. 

Table 1 shows the impingement square array geometries that were investigated experimentally and 

computationally predicted.  These are actual size practical combustor wall cooling geometries.  Each air 

hole diameter was measured using a calibrated conical insert micrometre and the air hole size was the 

average of all the 100 holes.  The coolant flow rate was measured using calibrated variable area flow 

meters with corrections for the air temperature and pressure.  The accuracy relative to a calibrated orifice 

plate flow meter was 2%.  

 

 

Table 1: Geometrical Parameters 

X/D 11.04 6.54 4.66 3.78 3.06 1.86 
D (mm) 1.38 2.33 3.27 4.03 4.98 8.18 
X (mm) 
Z (mm) 

15.24 
10.0 

15.24 
10.0 

15.24 
10.0 

15.24 
10.0 

15.24 
10.0 

15.24 
10.0 

L (mm) 
L/D 

6.35 
4.60 

6.35 
2.73 

6.35 
1.94 

6.35 
1.58 

6.35 
1.28 

6.35 
0.78 

Z/D 
X/Z 

7.25 
1.52 

4.29 
1.52 

3.06 
1.52 

2.48 
1.52 

2.01 
1.52 

1.22 
1.52 

A% 0.64 1.84 3.62 5.50 8.39 22.7 
n ( m-2) 4306 4306 4306 4306 4306 4306 
Array 10 × 10 10 × 10 10 × 10 10 × 10 10 × 10 10 × 10 
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COMPUTATIONAL METHODS 

Grid Generation 

Previously, El-Jummah et al. [8] carried out CHT CFD investigations for a range of G (kg/sm2bar) 

using symmetrical representation (Fig. 5a) of one row of impingement holes, the same procedure was 

applied in modelling the present grid geometries using the ANSYS ICEM meshing tool.  The model grid 

with all the component parts is shown in Fig. 5 and for each X/D half hole size, the grids are shown in Fig. 

6.  The cell size 'ȟ' in the holes and the impingement gap was varied because of the differences in hole sizes 

D and Reynolds number Re. The total model grid size of Fig. 5 is shown in Table 2 for each X/D.  These 

gave maximum grid aspect ratios and orthogonal qualities of the cells for all the geometries in the range of 

1.78 - 7.58 and 0.59 - 0.61, respectively. 

Figure 6 shows that for each air hole size, the cell size varies, which will be shown later to influence the 

flow characteristics in the hole.  In each air hole, the number of cells/plane ranges from 60 to 95 (twice for 

complete hole) and this was determined by the hole size D, the higher D the larger the number of cells in 

each plane.  For each air hole, 18 grid planes were fixed and this was held constant for all the geometries.  

As the jet size decreased, the grid size in the impingement gap increased and this influenced the number of 

cells in the gap.  Hence, an X/D of 11.04 has the highest number of cells with X/D of 1.86 having the 

lowest.  This brings about the total number of cells in all the grid geometries to within the range of 1.0 - 2.0 

million as shown in Table 2, where X/D = 11.04 has the highest number of cells.  

Model computations 

The present CFD work was computed using the standard k - ܭ turbulence model with the standard wall 

function in the ANSYS Fluent code [4, 5, 8, 18, 19].  The effect of other turbulence models have been 

investigated but are not reported here, as none gave better agreement with the experimental results.  The 

problem with all the other turbulence models available in Fluent was that they could not predict the flow 

separation and reattachment that occurred in the impingement jet holes.  As a consequence none could  
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               Not to scale and all dimensions in mm. 

                                               (a) Symmetrical elements  

 

    (b) Model grids 

Fig. 5: Impingement cooling computational domain  
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        X/D = 11.04      X/D = 6.54 

 

         
        X/D = 4.66      X/D = 3.78 

       
       X/D = 3.06      X/D = 1.86   

Fig. 6: Grid impingement cooling air holes for variable X/D and D (mm) at constant X of 15.24mm 

 
Table 2: Grid Size and y+ used for Geometries in Table 1 

X/D Total Plenum (%) Gap (%) Hole (%) y+ 
11.04 2.08 × 106 31.4 45.9 7.1 44.8 
6.54 1.77 × 106 35.7 33.6 6.6 39.2 
4.66 1.27 × 106 37.6 27.8 6.1 35.9 
3.78 1.14 × 106 42.0 21.7 4.8 35.6 
3.06 1.06 × 106 46.5 19.2 4.9 34.9 
1.86 0.98 × 106 48.2 14.9 8.8 34.2 
 

correctly predict the measured pressure loss, which is controlled by the flow separation at the hole inlet.  

None of the models, including the SST k - Ȧ, could predict the flow reattachment adequately and this 
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results in the hole outlet velocity profile being too high in the centre, which resulted in the inter-gap 

aerodynamics being predicted to be quite different than for the k - İ turbulence model. 

The first cell size near the target wall was maintained at a y+ value of ~ 40 for X/D ranging from 1.86 - 

6.54, but for X/D = 11.04 the y+ value was ~ 45 which was used to reduce the total number of cells (~ 2.0 × 

106) and hence computational time/cost [18, 20 - 23].  Table 2 shows the range of y+ values and their 

respective grid size.  These y+ values are within the required range for the near wall law of the wall; 30 < y+ 

< 300 [5, 8, 18, 21].  The choice of the y+ values was based on the closer link [21, 22] that they gave 

between the turbulence or log-log layer and the target wall.  Hence, the heat transfer characteristics were 

easily determined.  These choices of y+ values also helped to minimize the total number of cells as the same 

first cell sizes were employed throughout the impingement gap.  Since the computations for low Reynolds 

number models with y+ of ~ 1 or ~ 5 takes longer [18, 21] and do not adequately resolve the short hole 

entry length issues [21],  the  choice  of  the  present  y+  value  was  preferred.    

Table 3: Flow Parameters at Fixed G of 1.93kg/sm2bar 
X/D 11.04 6.54 4.66 3.78 3.06 1.86 

Vj (m/s) 243.60 85.49 43.41 28.56 18.72 6.92 
Uc (m/s) 23.92 23.92 23.92 23.92 23.92 23.92 

Vj/Uc 10.18 3.57 1.82 1.19 0.78 0.29 
N 10 10 10 10 10 10 

Reh  22870 13550 9660 7830 6340 3850 
T∞ (K) 288 288 288 288 288 288 
Tw (K) 353 353 353 353 353 353 

ȡ (kg/m3) 1.225 1.225 1.225 1.225 1.225 1.225 
 

Grid independence tests were previously investigated [4, 5] and the present number of cells in the hole 

and along the impingement gap was found to be adequate, which is good in predicting the experimental 

data.  This will be shown later to agree with experimental pressure loss and surface averaged heat transfer 

coefficient predictions in the present work, hence within the experimental errors [24, 25].  The boundary 

conditions used for each computation are shown in Table 3.  The convergence criteria were set at 10-5 for 

continuity, 10-11 for energy and 10-7 for k, ܭ and momentum (x, y and z velocities), respectively.  
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Previous Work on CHT CFD in Gas Turbines 

This work present experimental results and CHT CFD predictions using hot metal walls for classic 

impingement cooling geometries.  Most work in the literature on impingement cooling uses adiabatic heat 

transfer techniques [14 - 18, 20, 21].  There is a dearth of experimental data to compare and validate CHT 

CFD predictions.  Some researches on this topic in gas turbines have no experimental validation due to this 

lack of hot rig metal wall experimental data [26 - 28].  Sometimes inappropriate wall materials are used, 

such as Aluminium [29], so that there are no thermal gradients to predict.  The use of radiation based wall 

temperature measurents in hot test rigs can result in poor agreement with CHT CFD, possibly due to 

emissivity calibration problems, as the emissivity is a function of temperature [30, 31].  When imbedded 

thermocouples are used as in the present work, there is a growing body of evidence, particularly for metal 

turbine blade studies of agreement between CHT CFD predictions and metal temperature measurements 

[32, 33].  For flat wall effusion cooling Oguntade et al. [34 - 36], have shown good agreement with 

experimental hot test result for Nimonic-75 effusion walls with imbedded thermocouples. 

RESULTS 

Influence of X/D on Flow Maldistribution  

The ratio of the flow through hole row 10 and row 1 is the flow-maldistribution.  The predicted flow-

maldistribution between the 10 rows of impingement holes using Eq. 9 is shown in Table 4.  Flow-

maldistribution was predicted to be large for X/D > 4.7.  The CFD predictions of the flow-maldistribution 

were made based on the mean velocity in each hole at the midpoint of the hole length, which is shown as a 

ratio to the mean hole velocity based on equal mass flow distribution between the holes, given as Vj in 

Table 3.  The predictions from Fig. 7 at hole 10 are compared with those from Eq. 9 in Table 4.  

The X/D of 4.66 is at the limit of the condition where flow-maldistribution between the holes starts to 

become a significant problem [7 - 11].  Table 4 shows that the simple 1D flow-maldistribution theory of 

Eqs. 8 and 9 is increasingly in error with excessive flow-maldistribution predicted, as X/D was reduced 

compared with the CFD predictions. The reason for this is that it has been assumed in the simple theory 
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that the outlet velocity profile of each hole was not influenced by the cross-flow and that the impingement 

gap has its full area available for cross-flow.  But the impingement jets block the cross-flow and this 

blockage gets greater as X/D reduces or D increases.  This increases the pressure loss of the cross-flow as 

well as causing more jet deflection.  However, the main effect is that of the cross-flow on the hole outlet 

velocity profile, which has been shown in detail for one geometry by El-Jummah et al. [4].  The cross-flow 

produces a peak in the hole outlet velocity profile to the downward edge of the hole.  This increases the 

hole pressure loss for the downstream holes and this reduces the mass flow through that hole and thus 

reduces the flow-maldistribution predicted using 1D theory which ignores these effects.  Thus the flow-

maldistribution is lower at low X/D in the CFD predictions compared with the predictions of Eq. 9, as 

shown in Table 4. 

In the present work, the Z/D ratio changes with reduced X/D as Z was held constant.  For an X/D of 

4.66 El-Jummah et al. [5] predicted the influence of Z/D, the impact of this on the flow-maldistribution is 

shown in Fig. 8, which shows a very small difference of Z/D at an X/D of 4.66.  Thus, the big change in 

flow-maldistribution for an X/D of 1.86 at a Z/D of 1.22 predicted in this work was due to the X/D effect 

and not the Z/D effect.  This is because, a Z/D of 1.3 and X/D of 4.66 were shown to have the same flow-

maldistribution difference, as for Z/D of 3.06 and X/D of 4.66.  This was also predicted by Eqs. 8 and 9, 

respectively.  

Table 4: CFD and 1D Predicted Flow-maldistribution 
    X/D CFD Equation 9 

11.04 0.96 1.04 
6.54 1.04 1.12 
4.66 1.09 1.29 
3.78 1.14 1.44 
3.06 1.30 1.59 
1.86 2.49 3.55 
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Fig. 7: Flow-maldistribution in the impingement plate holes for variable X/D and constant G of 

1.93kg/sm2bar 

 

 

Fig. 8: Comparison of predicted flow-maldistribution with previous CFD prediction showing influence of 

Z/D 
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Predicted Velocity Profiles and Pressure Loss 

Figure 9 shows the predicted velocity profiles in the impingement gap for the range of X/D, at constant 

G of 1.93kg/sm2bar.  A plane on the centreline of the jets and a plane on the centreline between the jets are 

shown, these are the symmetry planes shown in Fig. 5.  Figure 9a shows that at an X/D = 11.04, the high 

velocity impingement jets penetrate to the impingement wall with very little deflection by the cross-flow.  

This was due to the very high jet to cross-flow velocity ratio that was shown by Eq. 5 for large X/D or low 

impingement jet wall porosity A.  As X/D decreases and A increases, Fig. 9 shows that there is deflection 

of the downstream jets by the cross-flow.  At low X/D, Fig. 9b shows that the deflection by the cross-flow 

is predicted to be severe and also the flow-maldistribution is clear with the last hole having a higher 

velocity than the first hole. 

     Figure 9 also shows that on the centreline between the impingement jets there is a reverse flow jet 

that impinges on the impingement hole wall between the impingement jets.  There is a strong reverse jet at 

large X/D and this weakens as X/D is reduced and the impingement jet velocity decreases.  This reverse 

flow jet is deflected by the cross-flow and this deflection is greater at low X/D.  These predicted impingement 

jet aerodynamics were investigated in more detail for one impingement geometry by El-Jummah et al. [4].  

The impingement jet velocity and the aerodynamics of the flow inside the holes, controls the pressure loss 

[19].  The CFD predictions enable the pressure loss through the impingement jet wall and that along the 

impingement gap due to the cross-flow to be determined.  The predicted pressure loss is the static pressure 

in the air supply plenum chamber minus the static pressure at the impingement jet wall on the centre point 

between the impingement jets.  This predicted pressure loss as a % of the static upstream pressure is shown 

in Fig. 10, as a function of the axial distance along the impingement gap in terms of the number of holes.  

Equations 2 and 3 show the strong link between the pressure loss and X/D and the impingement wall 

porosity A.  Thus at high X/D of 11.04, the pressure loss at the high coolant mass flux G of 1.9kg/sm2bar 

was predicted to be very high which is at an unrealistic level for gas turbine applications.  This is because 

an X/D of 11.04 would not be used with all the compressor flow.  It is the design choice for local hot spot  
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Fig. 9: Contours of velocity magnitude (m/s) in the impingement gap (in line with and between rows of 

holes) for variable X/D. Grey colour stripes are Nimonic-75 walls  
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Fig.10: Predictions of outlet impingement holes pressure loss for variable X/D at constant G of 

1.93kg/sm2bar 

 

Fig.11: Comparison of predicted pressure loss with experiment for range of X/D at constant G of 

1.93kg/sm2bar 
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Fig.12: Comparison of predicted pressure loss with Previous CFD prediction showing influence of Z/D 

 

cooling of combustor walls or turbine blades, where a small proportion of the total compressor air flow is 

used but at a low local G with a 3 - 4% pressure loss.  However, the variation of X/D at constant mass flux 

was the objective of the present CFD investigation. 

Figure 10 show that the pressure loss along the cross-flow gap was predicted to be small relative to the 

impingement jet wall pressure loss at high X/D.  However, as X/D is reduced and the pressure loss reduces, 

the cross-flow pressure loss becomes more significant, especially for X/D < 3.78.   It is in this region that 

the flow-maldistribution becomes significant as shown in Fig. 7.  The pressure loss was experimentally 

measured as the static pressure difference between the plenum chamber and the external ambient air. This 

was then corrected for the small pressure loss of the cross-flow discharge from the impingement gap.  This 

was computed as one dynamic head pressure loss, based on the mean impingement gap flow Uc in Table 3.  

This correction was 0.34% and was the same for all X/D.  The CFD predictions did not predict the pressure 

loss of the dump expansion from the gap and predicted the pressure loss to the upstream wall static pressure 

25.4mm downstream of the last row of impingement holes.  The predicted pressure loss is compared with 

the measured pressure loss in Fig. 11, this shows very good agreement at all X/D.  The pressure loss is the 
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only measured parameter that is directly related to the flow aerodynamics.  However, the pressure loss 

cannot be predicted if the flow separation in the impingement holes is not adequately predicted.  Thus 

agreement of the predicted pressure loss with the measurements shows that the predicted aerodynamics in 

the impingement hole and gap are likely to be reliable.  This was not the case for other turbulence models 

that were investigated. 

The present work was carried out at a constant impingement gap Z, so that the cross-flow velocity was 

the same irrespective of the X/D.  However, this did involve a change in Z/D as D was increased at 

constant X in this work.  Figure 12 compares the predicted pressure loss in the present work with that 

investigated by El-Jummah et al. [5], who varied Z/D at constant X/D of 4.66 in a CHT CFD predictions, 

using the same procedures as in the present work and was part of the present investigations.  Figure 12 

shows that at similar Z/D of 1.2 - 1.3 the influence of increased X/D at near constant Z/D was to increase 

the pressure loss substantially, as shown by Eqs. 2 and 3. 

Predicted Turbulent Kinetic Energy Distribution 

The turbulent kinetic energy (TKE) on the impingement target wall controls the convective heat 

transfer.  The predicted target surface distribution of TKE is shown in Fig. 13.  The peak turbulence lies 

below the impingement point of the jet and there is low turbulence at the reverse flow jet position on the 

wall.  The peak turbulence decreases as X/D is decreased due to the associated reduction in peak 

impingement jet velocities for the same mass flux.  Figure 13 also shows the impact of the cross-flow on 

the target surface turbulence distribution.  This is negligible at an X/D of 11.04, but becomes increasingly 

significant as X/D is reduced.  Figure 13 shows that at an X/D of 4.66 or below the convection of the 

turbulence downstream of the impingement point is an increasing feature of the effect of cross-flow.  Also, 

the flow-maldistribution starts to increase the peak turbulence in the downstream portion of the cross-flow 

at low X/D. 
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Fig. 13: Contours of TKE (m2/s2) on the target wall surface for variable X/D at constant G of 

1.93kg/sm2bar  
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Fig. 14: Contours of TKE (m2/s2) in the impingement gap in-line with the jet for variable X/D at constant 

G. Grey colour stripes are Nimonic-75 walls 
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The TKE in the gap in-line with the jets is shown in Fig. 14. This shows that a major action of the cross-

flow is to convect the high turbulence shear layer downstream around the jet and this effect increases as 

X/D is reduced.  The action of the cross-flow prevents the impingement jets from flowing upstream on the 

surface and thus there is no surface flow impingement between the surface jet flows, which reduces the 

creation of turbulence on the surface. 

The turbulence inside the impingement holes occurs as a result of the pressure loss through the holes 

and hence the good prediction of the measured pressure loss, shown in Fig. 11 means that the internal hole 

turbulence levels must be predicted reliably.  Figure 15 shows the predicted internal hole surface TKE 

distribution for the first two and last two holes.  The hole surface is shown as the normalised circumference 

in the bottom scale and hole length in the vertical scale, for which all the holes had the same depth.  If there 

was no significant effect of the cross-flow on the flow in the hole, then the turbulence on the hole surface 

would be symmetrical.  This is the case for an X/D of 11 for all four holes shown in Fig. 15, but becomes 

increasingly unsymmetrical for the downstream two holes at lower X/D, where the cross-flow is deflecting 

the jet hole surface turbulence inside the hole.  The air entry to the holes separates on the inlet edge and 

reattaches inside the hole.  The peak turbulence on the hole surface occurs at the flow reattachment point.  

Other turbulence models could not predict the flow separation and reattachment inside the holes and had 

the greatest discrepancy with the k - İ turbulence model in the hole surface TKE distribution.  The heat 

transfer inside the holes is controlled by the surface turbulence distribution and intensity, as will be shown 

later. 

Surface Averaged Predicted Nusselt Number  

The predicted and measured heat transfer coefficients, as defined in Eq. 10, were converted into Nusselt 

number Nu, by Eq. 11.  The predicted surface Nu distribution is shown in Fig. 16 for the target surface 

(top) and impingement jet surface (bottom) for the range of X/D investigated. 

         

)11(
fk

hD
Nu 
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Fig. 15: Contours of TKE (m2/s2) on the air hole surface for variable X/D at constant G. Arrow indicates 

flow direction 
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Fig. 16: Contours of Nusselt number on target (top) and inside impingement (bottom) surfaces for variable 

X/D 
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Fig. 17: Contours of Nusselt number on inside impingement hole surfaces for variable X/D at constant 

mass velocity. The arrow indicates flow direction 
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Comparison of the Nu distribution on the target surface, with the TKE distribution on the target surface in 

Fig. 13 shows that the distribution of Nu is controlled by the surface distribution of TKE.  These predicted 

Nu distributions are very similar to the measured surface distributions of h and Nu of Bailey and Bunker 

[25] and Xing et al. [20] for impingement heat transfer.  The spatial distribution of Nu also gives rise to 

thermal gradients in the target wall.  However, the role of the internal wall thermal conduction is to smooth 

out these gradients, so that the thermal gradients are much lower than the Nu gradients in Fig. 16.  

Figure 16 shows that at a high X/D of 11.04, the 10 rows of jets produced nearly identical heat transfer.  

After the fifth hole the heat transfer distribution starts to distort in the downstream direction due to the 

action of the cross-flow.  This distortion gets worse as X/D decreases and the porosity A increases.  At the 

lowest X/D the individual impingement jets cannot be seen as local regions of high heat transfer and the 

cross-flow smears the region of high heat transfer in the downstream portion of the test wall.  The Nusselt 

number Nu on the impingement jet surface was also predicted.  This heat transfer was caused by the reverse 

flow jets, discussed above in relation to the predicted aerodynamics in the gap.  The heat transfer was lower 

than on the target wall, but the reverse flow impingement jet can be seen to give a local enhancement of the 

jet wall heat transfer.  This reverse flow heating of the impingement jet wall raises the temperature of that 

wall, which then heats up the impingement cooling air. 

The Nusselt number inside the impingement holes was also predicted and is shown in Fig. 17.  Here the 

normalized circumference is the horizontal axis and the hole depth is the vertical distance.  The first two 

holes in the cross-flow direction are compared with the last two holes.  For X/D of 11.04, the hole surface 

heat transfer was symmetrical indicating no action of the cross-flow.  These results should compare with 

the TKE wall distributions in Fig. 15 as they are similar in their distribution.  The peak impingement jet 

internal wall heat transfer occurs at the inlet flow separated jet reattachment point, where there is a peak in 

the TKE and Nu.  As X/D was reduced the predicted Nu distribution results showed a bias in the hole heat 

transfer in the cross-flow direction.  Also, as flow-maldistribution increased with reduced X/D, Fig. 17 

shows that the last 2 holes had significantly higher Nu than the first two holes. 
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Surface Averaged Heat Transfer Coefficient 

The X2 surface average h was computed for each impingement jet and the mean surface average h over 

all 10 rows of holes is shown in Fig. 18 as a function of X/D.  Also shown are the equivalent surface 

averaged experimental measurements and the agreement is very good and within the experimental error 

bars for all X/D apart from 1.86.   A slightly higher surface averaged heat transfer compared with the 

measurement was expected, as the measurements used thermocouples located midway between the 

impingement holes and hence were located in the hottest part of the wall, which would result in lower h if 

the wall temperature gradients were significant.  This is shown in Fig.18 for all X/D apart from X/D of 

11.04.  The ability of the thermocouples to measure the surface averaged h depends on the Biot number 

being low.  The Biot number decreased with decrease in X/D due to the decrease in h. These effects are 

shown below in terms of the wall surface temperature gradients.  

The under prediction of h for X/D = 1.86 was greater than expected as the Biot number was lowest and 

the wall would be at a more uniform temperature.  The under prediction was possibly influenced by the 

very low hole Re of 3850, shown in Table 3.  This was the mean hole Re, but the flow-maldistribution 

discussed above, would result in the leading edge hole having a laminar flow of about 1500 Re and hole 10 

would be at a Re of about 8500.  This is also confirmed by the hole turbulence predictions with zero 

turbulence predicted at the leading edge holes in Fig.15.   Figure 19b shows that the difference in the 

predictions and measurement were highest at the leading edge.  It is concluded that the k - İ turbulence 

model is not appropriate when portions of the flow are under laminar flow conditions. 

     The predicted surface averaged h for the impingement jet walls are also shown in Fig. 18.  This 

impingement jet wall heat transfer is due to the transfer of heat by the reverse flow jets discussed above.  

On average this impingement jet surface averaged h was predicted to be 40% - 60% of that for the 

impingement target wall at all X/D.  However, there were significant variations in this ratio with X/D and 

between the first few holes and the last few holes.  Clearly the heating of the impingement jet wall by the 

recirculating impingement jets from the hot surface is a significant part of the overall complex heat transfer 

in impingement cooling.  There are no measurements of the heat transfer to this surface to our knowledge 

and it was not measured in the present work.  However, the reasonable agreement of the predicted and 
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measured surface averaged heat transfer indicates that the predictions for the surface averaged impingement 

jet wall heat transfer could be reasonable.  Andrews et al. [12] have measured the heating of the 

impingement jet wall in a similar test rig to the present, but with four sided impingement flow exit.  For a 

steady state electrically heated target wall the temperature of the impingement wall could be as large as 

60% of that of the target wall at low G, high X/D and low Z/D.  For low X/D with lower velocity jets, the 

heating of the impingement jet wall at low G was 30% of the target heated wall temperature.  At high G the 

impingement wall heating decreased, but was still 10 - 20% of the target wall temperature.  

 

 

Fig.18: Comparison of target surface average heat transfer coefficient h and prediction of impingement 

plate HTC h 

Axial Variation of the X2 Local Average HTC 

The experimental results had six equispaced thermocouples imbedded in the metal wall.  The transient 

response of these enabled the surface average heat transfer coefficient h, to be determined at the 25.4mm 

spacing of the thermocouples.  The experimental results are shown in Fig. 19 for G = 1.93kg/sm2bar.  This 

shows that for X/D of 11.04, the heat transfer was fairly uniform with a slight increase in the trailing edge 

region, possible due to the duct flow additional heat transfer of the crossflow.  These results indicate that at 
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an X/D of 11.04 the deterioration of heat transfer with distance, as correlated by Eq. 7, does not occur.  

This supports the prediction of the aerodynamics in Fig. 9, where there was minimal movement of the jets 

by the cross-flow.  

The agreement of the CFD results with the experiments was rather poor for X/D of 11.04, apart from in the 

leading edge region.   The reason for this might be associated with the use of incompressible flow CFD, 

when at this X/D the jet velocities are very high at 244 m/s, as shown in Table 3, where compressible flow 

CFD should be used.  For X/D of 6.54 and 4.66, Fig. 19a shows that there was very good agreement 

between the experimental and the CHT CFD results.  Both the experiments and predictions showed the 

deterioration of h with the cross-flow, due to the downstream convection of the turbulence on the surface, 

as shown above and correlated in Eq. 7.  This is in a region of X/D where flow-maldistribution was not 

significant.  However, at lower X/D, as shown in Fig. 19b, the experimental results showed first a decrease 

in h with distance along the impingement gap, due to the cross-flow effect correlated by Eq. 7, and then an 

increase due to the influence of flow-maldistribution.  This effect was reasonably well predicted using CHT 

CFD for an X/D of 3.76, although the leading and trailing edges were under predicted and the central 

section over predicted. 

Finally, at the lowest X/D of 1.86 the experimental and predicted results were in agreement over a 

continuous increase in h from the start to end of the gap, due to the strong flow-maldistribution at this X/D 

with a very low impingement jet pressure loss.  However, the predictions under predicted the experimental 

results at all axial positions.  The difference was 50% at the start of the gap and 18% by hole 10.  As 

discussed above in relation to the surface averaged h results, these results are difficult to explain as 

predicted h is higher than that measured would be expected, due to the location of the thermocouples on the 

centreline between the impingement holes. 
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(a) Higher X/D 

 

 
 

(b) Lower X/D 

Fig.19: Comparison of target X2 average heat transfer coefficient h at constant mass velocity G of 

1.93kg/sm2bar 
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Fig.20: Comparison of predicted X2 average h with previous CFD prediction showing influence of Z/D 

 

 

Fig.21: Prediction of X2 average heat transfer coefficient h on the inside impingement wall surface at G of 

1.93kg/sm2bar 
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The prediction of the X/D of 1.86 in Fig. 13 showed very low TKE over the first few rows of holes, 

which was due to the very low predicted proportion of flow in these holes as shown in the very low 

predicted velocities in Fig. 9.  The resultant predicted flow-maldistribution in Fig. 7 was severe with > 5 

times the flow in row 10 to that in row 1. Table 3 gives the hole Re as 3850, based on the assumption of 

equal distribution of the air flow. However, the Re in the first row of holes with the predicted flow-

maldistribution was 1540 and the applicability of the turbulent flow modelling under very low jet Re 

conditions is probably the main cause of the prediction errors for the X/D = 1.86 impingement geometry.  

Figure 20 investigates the consequences of the Z/D in the present work, when X/D is varied at constant Z 

of 10mm, which involves a variation of Z/D.  The authors have previously investigated the CHT CFD 

predictions of the influence of Z at constant X/D of 4.66 [5], which are compared with the present work in 

Fig. 20.  Figure 20 shows that for an X/D of 4.66 the effect of reducing Z to reduce Z/D was to increase the 

cross-flow induced flow-maldistribution, so that the axial variation in h along the impingement target wall 

was changed to a continuous increase with distance from a continuous decrease with distance.  This was the 

main reason for the present work being undertaken at constant Z, which was considered a more practical 

design situation.  The effect was to keep the cross-flow in the gap constant as X/D was varied.  The 

comparison in Fig. 20 is for the X/D = 4.66 and Z/D = 3.06 or X/D = 1.86 and Z/D = 1.22 results with 

those of a similar Z/D in the previous work.  This shows a similar proportionate influence of cross-flow.  

However, it is clear that the large difference in the magnitude of h at all axial positions was due to the X/D 

effect and not the Z/D variation in the present work at constant Z. 

Predicted Axial Variation X2 Local Average HTC on the Impingement Jet Surface 
along the Gap 

The predicted results for the surface distribution of h on the bottom surface of the impingement jet wall 

in Fig. 18 were surface averaged on an X2 basis and the axial variation of this is shown in Fig. 21.  The 

most significant feature of the results is that for X/D of 4.66, 3.78 and 3.06, the predicted results showed an 

increased in h with axial distance.  This contrasts directly with the decreased h along axial direction for the 

target surface of X/D = 4.66 in Fig. 19a.  In the downstream portion of the impingement wall the X2 
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averaged h was predicted to be 230W/m2K for X/D 4.66, 3.78 and 3.06 compared with the target surface X2 

h of 350 for X/D 4.66, 370 for 3.78 and 340W/m2K for 3.06.  

As there have been no previous publications of the heat transfer to the impingement wall surface these 

predictions cannot be verified.  However, the target surface predictions for X2 average h were in good 

agreement with the measurements in Fig. 19, so the impingement jet surface predicted h would be 

concluded to be reasonable.  These results indicate that heat transfer to this surface is a significant part of 

the overall impingement wall cooling performance.  Under realistic hot wall conditions, the impingement 

jet wall would be heated and this would heat the impingement jet.  Thus prediction of the performance of 

impingement cooling needs to know this impingement jet surface heat transfer. 

The prediction of the target wall X2 average h was not in good agreement with the measurements for 

X/D = 11.04 and 1.86, as shown in Fig.19a and b.  Hence, the predictions of the impingement jet wall X2 

average h must be less reliable.  Figure 18 shows that if the whole 10 rows of holes are surface averaged 

then the impingement jet wall h was about half of the target wall h.  However, comparison of Figs. 19 and 

21 shows that the axial variation of the ratio for X/D = 4.66 was 0.3 - 0.66 and this would have to be taken 

into account in predicted impingement cooling.  For X/D = 6.54 that ratio of the initial and final h for the 

two surfaces was 0.3 and 0.45 and for X/D = 3.06 it was 0.4 and 0.7.  Thus, there was predicted to be 

significant variation in the ratio of h between the two surfaces with X/D. 

Distribution of Predicted Temperature  

The present experimental results were undertaken with active electrical heating of the target wall.  The 

CHT CFD predictions enabled the surface distribution of metal temperature in the presence of the 

impingement cooling to be predicted.  The predicted results are in terms of the dimensionless temperature 

T* defined by Eq. 12.  The use of the dimensionless temperature T* enables the present results to be 

applied to other higher temperature operations.  The predicted surface distribution of T* is shown in Fig. 

22.  These plots are very similar in distribution to those for the distribution of Nu in Fig. 16, as expected.     
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Fig. 22: Contours of normalized temperature on target wall surface for variable X/D at constant mass 

velocity G 
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Fig. 23: Contours of normalized temperature in the impingement gap (in-line with and between N rows of 

holes) of variable X/D at constant mass velocity G 
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(a) Lower X/D 

 

 
 

(b) Higher X/D 

Fig.24: Lower X/D prediction of normalize temperature gradient in the target wall thickness of 6.35mm 

Figure 22 shows the existence of significant thermal gradients, in spite of the internal heat conduction 

within the wall.  However, the predicted temperature gradients are much lower than those for the local Nu 
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gradients predicted in Fig. 16.  For example, for X/D = 11.04, the Nu variation between the impingement 

point and the mid-distance between the impingement points is a factor of 10/1, but the same T* gradient is 

only about 1.5. 

The Heating of the Impingement Cooling Air at the Hot Target Surface 

A feature of hot wall impingement heat transfer is that the coolant jet is heated by the heat transfer at 

the surface.  The heated jet has a reverse flow jet that impinges on the impingement jet surface and heats up 

the coolant jet.  Figure 23 shows the contours of T* for the heated air in the impingement gap.  For each 

X/D two 2D T* distributions are shown, one on the centreline of the impingement jets and the other on the 

midway between the rows of impingement jets, where the reverse flow jet occurs.  Figure 23 clearly shows 

the presence of the reverse flow heated jet and its impingement on the impingement jet wall surface.  There 

is also a strong deflection of the reverse flow jets by the cross-flow.  For example, for X/D = 3.78 the 

deflection of the reverse flow jet results in the reverse flow jet from hole 8 occurring between the 

impingement jets at row 10. For an X/D of 6.54, the higher velocity impingement jets and the same cross-

flow velocity results in the reverse jet from row 8 occurring between the impingement jets for row 9. 

Thermal Gradients through the Wall Thickness  

Figure 24 shows the dimensionless temperature distributions in the Nimonic-75 wall thickness.  These 

are difficult to see on the scale of Fig. 23 and are plotted in Fig. 24 as T* as a function of the depth in the 

wall.  The thermal gradient in Fig. 24, are for the in-line plane with the impingement jets and between the 

impingement jets for hole 2 and hole 10 for each range of X/D.  The difference was small, indicating that 

the thermal gradients along the surface of the metal wall were small.  Figure 23 show that the thermal 

gradients in the wall thickness were predicted to be much greater than those between the holes.  This is 

because the computation holds the bottom side of the wall metal thickness at a fixed temperature.  The 

authors [8] have shown that the thermal gradients along the surface between the impingement jet centreline 

were predicted to be much smaller than those through the metal thickness, which at the present G of 

1.93kg/sm2bar were about 2%.  Figure 24 shows as expected that the higher the heat transfer the greater the 
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thermal gradients in the wall.  Thus, the thermal gradients were predicted to be lowest at low X/D and 

highest at high X/D.  

CONCLUSIONS 

Experimental results for impingement cooling were presented for a G of 1.93 kg/sm2bar for the locally 

surfaced averaged heat transfer coefficient h.  The impingement jet and target metal walls were Nimonic-75 

of 6.35mm metal thickness.  Square array impingement jets were investigated for a range of X/D which 

was varied by changing the hole diameter D at constant pitch X and Z.  The impingement flow pressure 

loss ∆P/P was also measured for a constant G (1.93kg/sm2bar).  These results were compared with CHT 

CFD predictions at the same G, which is typical of the total compressor exit mass flux used to 

regeneratively cool a combustor wall. 

The X2 averaged heat transfer coefficients h were very well predicted for X/D of 6.54 and 4.66, which 

are in the region commonly used in impingement heat transfer.  The CHT CFD predictions agreed with the 

experiments in the predicted pressure loss and in the deterioration of the heat transfer with axial distance 

due to the impact of the cross-flow.  For X/D of 3.78 and 3.06 the agreement with experimental pressure 

loss was good, but there was less satisfactory agreement with the X2 averaged axial variation of h.  The 

predictions gave an axial variation of h that was less than that observed, although the total surface averaged 

h showed good agreement with the experimental results. 

For an X/D of 11.04 the agreement with the pressure loss measurements was good, but the prediction of 

h was too high and the axial variation of h was predicted to increase with distance along the impingement 

gap, while the experiments showed a more uniform distribution in h.  It is considered that the very high 

impingement jet velocities at this X/D and high G would require compressible flow CFD computations, the 

present incompressible flow predictions were probably inadequate. 

For an X/D of 1.86, the predictions were low for pressure loss and low for h, although the axial 

variation of h was predicted to be similar to that measured.  Laminar flow occurred in the first few rows of 

holes, which was not taken into account in the predictions. 
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The CHT CFD predictions enabled the heat transfer to the impingement jet wall to be predicted.  On 

average this h was about 50% of that for the impingement target wall at all X/D.  However, there were 

significant variations in this ratio with X/D and between the first few holes and the last few holes. 

The thermal gradients in the metal wall were much greater through the thickness of the wall than the 

axial gradients between the jet impingement points.  These gradients increased as the heat transfer 

coefficient increased and were greatest at the highest X/D.  

Conjugate heat transfer CFD has been shown to give good predictions of impingement cooling and is a 

viable design tool for combustor and turbine blade cooling design. 
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NOMENCLATURE 

A Impingement hole porosity = [(ʌ/4)D2]/X 2 

D Impingement air hole diameter, m 

Cd Discharge coefficient 

G Coolant mass flux, kg/sm2bar 

G1 First upstream rows of holes coolant G, kg/sm2bar 

Gc Cross-flow mass flow/unit area, kg/sm2bar 

GN Coolant G for N upstream rows of holes, kg/sm2bar 

h Heat transfer coefficient (HTC), W/m2K 

IC Cross-flow interference parameter 

kf Thermal conductivity of fluid, W/mK 

L Target wall metal thickness, m 

n Number of impingement hole/unit surface area, m-2 

N Number of upstream rows of impingement holes  
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Nu Nusselt Number 

Nuo   Nusselt number with zero crossflow 

ȡ Density of air, kg/m3 

ǻP Impingement wall pressure loss, Pa 

P Coolant supply static pressure (approx. 1bar) 

Pr Prandtl number 

q" Heat flux on the target wall, W/m2 

R Gas constant for air, 287 J/kg.K 

Reh Impingement hole Reynolds number (V jD/Ȟ) 

T∞ Coolant temperature, 288K 

T* Normalized mean temperature 

Tw Target wall imposed temperature (353K) 

TS Target surface metal temperature, K 

Uc Impingement gap cross flow velocity at hole N, m/s 

UĲ Friction velocity (Ĳw/ȡ)0.5, m/s 

Ĳw Wall shear stress, kg/ms2 

ȝ Dynamic viscosity, kg/ms 

V j Impingement jet mean velocity (or Vm), m/s 

Ȟ Kinematic viscosity, m2/s 

W  Target wall total cooled length, m 

dx differential distance from the leading edge, m 

X Impingement hole square array pitch, m 

y Dimensionless pressure loss ratio 

y+ Inner variable wall normal coordinate (ȟUĲ/Ȟ) 

Z Impingement gap, m 

ȟ Grid cell size, m 
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Subscripts 
c Cross-flow    

d Discharge      

h Hole  

j Jet 

s Surface 

w Wall 

∞ Coolant 
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