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Abstract

In the current study the heated-thin-foil technique is used jointly with infrared thermography to evaluate accurately

the heat transfer characteristics of one row of jets impinging on a flat plate. The impingement is confined by the test

section and spent air is constrained to exit in only one direction. The configuration and parameters variation range are

similar to those encountered in turbine internal cooling systems. The results are analysed in terms of local and averaged

Nusselt number keeping in mind the design engineer preoccupation of minimizing the amount of cooling air taken from

the compressor. The influence of the impingement distance Z=d, injection Reynolds number Re and spanwise spacing

p=d between two holes of the row is presented. An optimum impingement distance is pointed out and some qualitative

design rules for the two other parameters are underlined. � 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The specific thrust and the thrust specific fuel con-

sumption (TSFC) are the two important performance

parameters of a turbojet or a turbofan. These two pa-

rameters are directly linked to two important variables

which have to be set when designing such kind of ad-

vanced engines: the turbine inlet temperature (TIT) and

the compressor pressure ratio. The specific thrust in-

creases when the inlet temperature increases: the higher

TIT is, the smaller and the lighter the engines can be

kept. At a fixed TIT, a high compressor pressure ratio

will globally reduce the TSFC. That is why it is generally

desirable to increase the TIT and the compressor pres-

sure ratio. However, as TIT is increased, the amount of

heat transferred to the turbine blades is increased as

well. Furthermore, as the compressor pressure ratio is

increased, the total temperature of the available cooling

air is increased as well. Turbine materials should thus

withstand higher and higher heat flux coming from the

hot combustion gas thanks to blade internal cooling

systems and film cooling systems which use themselves

hotter and hotter cooling air extracted from the last

stages of the compressor. Hence the turbine cooling

problems are intensified and become nowadays more

and more challenging. Not only a precise thermal anal-

ysis and detailed characterization of the convective

boundary conditions on external and internal blade

surfaces are required so that the engineer is able to

predict component temperatures field and life expec-

tancy accurately but it becomes all the more important

to optimize the cooling methods chosen and the blade

geometry to minimize the engine loss of efficiency due

to the extraction of cooling air from the compressor.

Jet impingement is one of the most efficient solutions

for internal cooling in so far as it produces very large

forced-convection heat transfer rates. It is widely used

on the vane inner surfaces of modern gas turbines to

prevent the metal temperature from overheating. It is

especially introduced where the thermal conditions are

the most severe: the nozzle guide vane, the leading edge
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and midspan regions of the vanes. Son et al. [1] under-

line finally that the impingement technique is more ro-

bust than the film cooling technique which is prone to

external deposition. Furthermore, heat transfer unifor-

mity can be achieved more easily with jet impingement

compared to multi-pass systems or serpentine passages

equipped with ribs, pin fins, or roughness elements, for

which the cooling potential is decreasing along the

passage.

2. Previous studies

Many experimental and numerical investigations on

heat transfer and flow characteristics of impinging jets

have been carried out and are still conducted. Martin

[2], Downs and James [3], Jambunathan et al. [4] and

Viskanta [5] referred to a large panel of fundamental

studies and presented complete reviews on the main

parameters influence on heat transfer. Behbahani and

Goldstein [6] used the liquid crystal technique to eval-

uate heat transfer for a staggered arrays of jets im-

pinging on a flat surface and gave qualitative results

relatively to the jet-to-impingement plate distance. Local

profiles and spanwise-averaged heat transfer for three

staggered arrays of impinging air jets coefficients were

reported by Hollworth and Cole [7]. They extracted

from their measurements a few design rules to optimize

such cooling systems. Van Treuren et al. [8,9] introduced

a transient method to measure the heat transfer coeffi-

cient distribution over the complete surface of a plate

impinged by inline and staggered arrays of jets. They

pointed out a mechanism which thermally couples the

injection plate temperature to the impingement plate

temperature. It can notably influence the adiabatic wall

temperature and hence the local heat transfer. This

coupling phenomenon is probably to be linked to the

fountain effect visualized by Saripalli [10] between two

adjacent jets of a multi-jets. Son et al. [1] investigated the

heat transfer and wall flow characteristics of an existing

turbine impingement system. A staggered pattern was

used and jet hole diameters were bigger downstream

than upstream. Parsons and Han [11] looked at the effect

of rotation on jet impingement heat transfer. Rotation

alters the internal cooling air flow and these authors

found that impingement heat transfer decreased up to

15–20% with rotation. Florschuetz et al. [12–16] con-

ducted an extensive study for different arrays of jets.

These authors extracted heat transfer correlations from

their measurements. These correlations are nowadays

widely used in the industry design process.

Impinging jets are thus a very attractive solution for

blade cooling. One, two or three rows of impinging jets

(arrays of jets) with a trailing edge discharge are espe-

cially used to cool the upper and under surfaces of the

leading edge of the low-pressure stage vanes. Fig. 1

shows the kind of geometry which can be encountered in

such a case.

Nomenclature

c chordwise spacing between two rows, m

d impingement jet hole diameter, m (d ¼ 10

mm)

e thickness of the impingement plate, m

E thickness of the injection plate, m (E=d ¼ 1)

Gs mass flow rate of coolant per unit area of

cooled surface, kg/m2 s

h heat transfer coefficient, W/m2 K

k thermal conductivity, W/m K

Nu Nusselt number, Nu ¼ hd=kair

p spanwise spacing between two holes of the

same row, m

q heat flux density, W/m2

Re injection Reynolds number, Re ¼ Vjd=m
T temperature, K

V velocity, m/s

x streamwise (chordwise) distance measured

from the center of the most upstream jets

row, m

y spanwise distance centered on middle of the

jets row, m

Z jet-to-plate spacing, m

Greek symbols

e emissivity

m kinematic viscosity, m2/s

q density, kg/m3

r Stefan-Boltzmann constant (5:67 � 10�8 W/

m2 K4)

Subscripts

air relative to air

amb relative to the ambient air

aw adiabatic wall

b impingement plate back side

c relative to convection

j impingement jet

f impingement plate front side

inj injection wall

r relative to radiation

w impingement wall
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Impinging jets are typically generated with a thin

perforated plate inserted into the vane and pressurized

with air. Air is injected through the perforations and

impinges on the vane inner surface. The curvature of the

vane in this area is generally low enough to consider that

impingement on a flat surface is appropriate to model

this region. Then one can consider the impingement

system as a channel formed by two parallel plates: the

injection plate and the impinged plate. The air is con-

strained to evacuate in a single preferential direction

toward the trailing edge.

The aim of the current work is to analyse accurately

heat transfer generated by the impingement of one row

of jets from the optimization point of view in such a

configuration. The jets are confined and the parameters

vary within ranges encountered in blade geometries.

Detailed local heat transfer measurements lead to aver-

aged Nusselt numbers which characterize the overall

cooling efficiency. This efficiency is expressed for each

set of parameters as a function of the total amount of

cooling air used. This corresponds to one of the main

preoccupations of the cooling system designer which is

indeed to cool a given surface as efficiently as possible:

one should obtain the maximum internal heat transfer

using the minimum amount of coolant. The study in-

vestigates the influence of the injection Reynolds num-

ber Re. Five values are tested from 3000 to 20 000 (jet

velocity from 4.5 to 30 ms�1). The influence of the im-

pingement distance Z=d (Z=d ¼ 1, 2, 5 or 10) and the

spacing p=d between two holes of the row (p=d ¼ 2, 4, 6,

10) are evaluated as well. The temperature uniformity

is not taken as an optimization criteria since our study

is only concerned with the convective aspects of the

problem and does not analyse conduction into the tur-

bine walls. The injection Mach number is low enough

(M < 0:1) so that no compressible effect is considered

as it was shown in a previous study (Brevet et al. [17]).

3. Experimental setup and measurement technique

The experimental set-up is sketched in Fig. 2. It

consists basically of a test section connected to a fan.

One of the wall of the test section is equipped with in-

jection holes connecting the test section to the ambient

environment. This wall is called the injection plate. The

fan creates a depression within the test section and

pumps the air through the injection holes which gener-

ates the impinging jets. Total mass flow rate (sum of the

mass flow rates in all the injection holes) is controlled

and measured with a series of three parallely connected

standard flowmeters (Fischer and Porter). The mass flow

rate uniformity within the row of jets was verified for

each impingement configuration thanks to previously

calibrated pressure taps in each injection holes. The

mass flow rate scattering among the injection holes is

less than 4% when compared to the mean value obtained

with the global flowmeters measurement. Velocity scat-

tering is then less than 2%. The mass flow rate scattering

is all the more negligible as Z=d is high. Finally it is

acceptable to consider a single value of injection Rey-

nolds number (based on the jet diameter) for all jets

within the test range whatever the impingement config-

uration is. This value is known from the total impinge-

ment jet mass flow rate and the total jet open area.

The test section is rectangular and made of altuglass

except for the impingement plate. Its spanwise dimen-

sion (y-direction) is 30d. The height of the test section is

equal to the impinging distance and can be varied from

1d to 10d. The test section is closed at one of its end (the

upstream side) whereas the other side (the downstream

side) is connected to the flowmeters and the depressor.

The test section length (streamwise, x-direction) is 95.5d.

There are seven jets distributed in the spanwise direction

(spacing p=d between two holes). They constitute a row

of jets which is positioned 24d downstream from the

closed side of the test section (one-row configuration).

Fig. 2. Test rig.

Fig. 1. Sketch of a low-pressure turbine vane internal cooling

system based on jet impingement.
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Circular sharp-edged holes are used to generate the

impinging jets. Their diameter d is equal to 10 mm and

the injection plate thickness to jet diameter ratio E=d is

equal to 1. Two extra rows of seven jets can eventually

be added downstream of the first row to represent an

array of inline jets as it can be found in turbine geom-

etries (three-rows configuration). The streamwise spac-

ing c=d between two rows is then equal to 10. These two

rows are generally not used except to evaluate their in-

fluence on heat transfer generated by the first row. Since

the injected air is sucked from the ambient environment

around the test section and since the flow velocities in-

volved in the experiment are low enough to neglect any

recovery effect, the jet temperature Tj is equal to Tamb.

The test section with the main geometric and flow

parameters are sketched in Fig. 3.

The impingement plate is made of epoxy resin

(e ¼ 1:6 mm thick) whose thermal conductivity was

measured with the laboratory facilities (kw ¼ 0:32 � 2%

W/m K). Fifteen individual electric copper circuits (17.5

lm thick, 1.125 mm width) are printed on the im-

pingement side (front side) of the plate. They are dis-

tributed in the streamwise direction and heat the plate

by Joule effect. They were designed not to privilege any

particular direction. Potentiometers are used to indi-

vidually set the electric intensity injected in each circuit.

The variation of resistivity with temperature is taken

into account globally for a given circuit during the test

run. A uniform heat flux density can thus be experi-

mentally prescribed as a boundary condition on the

entire front surface of the impingement plate. This uni-

formity has been verified before any test was run and is

included within �5% of the mean heat flux density over

all the electric circuits. Yet the data post-processing

takes into account the exact density heat flux of each

circuit since small variations from a circuit to another

may still exist. The surface temperature distribution Tb

of the impingement plate back side is measured using

an infrared camera (AGEMA Thermovision 880 SWB,

image acquisition frequency: 25 Hz) (camera position

1––Fig. 4). This side of the plate is painted in black to

give the surface the high and uniform emissivity required

by infrared camera measurements. This emissivity was

experimentally calibrated (eb ¼ ef ¼ 0:96 � 0:02). The

spatial resolution is in the order of 0.6 mm (0.06d). The

injection plate temperature Tinj is measured with the in-

frared camera as well (einj ¼ 0:94 � 0:02) (camera posi-

tion 2––Fig. 4). This measurement is not influenced by

the impingement plate radiation since altuglass is opa-

que to infrared radiation. Tinj is experimentally uniform

all over the injection plate. Since both of its sides are

submitted to temperatures very close to the ambient

temperature, Tinj is close to Tamb and the injection plate

temperature can be considered uniform across the

plate thickness as well. Radiation from the impingement

plate is nevertheless taken into account in the data

postprocessing. Any infrared measurement is carried out

over a time period of 10 s and then time-averaged to

improve the thermal precision. Air temperature is mea-

sured with several Type-K thermocouples implemented

on the test apparatus.

4. Procedure and data analysis

The local heat transfer coefficient h and Nusselt

number Nu are defined by Eqs. (1) and (2):

h ¼ qf
c=ðTw � TawÞ ð1Þ

Nu ¼ hd=kair ð2Þ

In Eq. (1) Taw is the adiabatic wall temperature, qf
c is the

density heat flux evacuated from the plate front side by

forced convection and kair is the air thermal conductivity

at the injection temperature. The typical range of tem-

perature variation is 25 �C < ðTw � TjÞ < 65 �C with 17

�C < Tj < 22 �C which leads to a film temperature value

in between 30 and 40 �C. This weak variation allows us

to evaluate the air thermal conductivity at the injection

temperature.

The flows are controlled so that Tj ¼ Tamb. Involved

jet velocities are low enough to neglect any viscous

heating effect. The distinction between total temperature

and static temperature in the flow can be neglected asFig. 3. Impingement parameters.

Fig. 4. Heat transfer measurement facilities and heat flux bal-

ance parameters.
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well. Thermal conditions are such (Tj ¼ Tamb and overall

flow heating due to the test plate circuits is low) that it is

not necessary to take into account any recovery effect

due to mixing and thermal entrainment which could

have modified the fluid reference temperature along the

plate. That is why the adiabatic wall temperature has

been considered equal to the jet total temperature (Eq.

(3)). Experimental validations have been carried out

before any test run to confirm this assumption. The wall

temperature Tw included in Eq. (1) corresponds to the

front test plate temperature (Eq. (4)):

Taw ¼ Tj ð3Þ

Tw ¼ Tf ð4Þ

The determination of local heat transfer coefficients h

is based on the heated-thin-foil technique. It is directly

linked to an heat flux balance on the plate front side

which is submitted to the heat flux density q due to the

electric heating. The procedure introduces radiation

losses due to multi-reflexion between the impingement

and injection plates (qf
r) and radiation and convection

losses (qb
r , qb

c ) on the plate back side. For these last

corrections, a back side overall coefficient hb has been

measured. It has been estimated that a uniform value

for all the target plate was suitable (hb ¼ 12 Wm�2 K�1,

value corresponding to natural convection and radiative

effect). Radial heat conduction within the impingement

plate can be neglected and a monodimensional con-

duction calculation is adequate to link the temperature

field of the impingement plate back side Tb to the front

temperature field Tf . This was confirmed by a numerical

analysis using the nodal method to model finely the

conduction as it is in reality within the test plate, taking

into account the heating circuit discretization, conduc-

tion within the copper circuits, the painting presence on

the impingement plate, the image scanning and spatial

integration process introduced by the infrared camera.

Hence the four relationships Eqs. (5)–(8) express the

heat flux balance which is represented in Fig. 4:

qf
c ¼ q� qf

r � qb
c � qb

r ð5Þ

qf
r ¼ r 1=einfð þ 1=ef � 1Þ�1 T 4

f

�
� T 4

inj

�
ð6Þ

qb ¼ qb
c þ qb

r ¼ hbðTb � TambÞ ð7Þ

Tf ¼ Tb þ ðe=kwÞhbðTb � TambÞ ð8Þ

The expression of qf
r takes the form of a correction

by multi-reflexion between two infinite plates with uni-

form temperatures. This model of the radiation front

exchanges was considered as sufficient in so far as the

variation of temperature on the injection and impinge-

ment plates are small and qf
r corresponds to a small

amount of the total injected heat flux q (3–9%). The rear

radiation and convection losses (qb) are in the order of

9–12% of the total injected heat flux q in the impinge-

ment region. The local heat transfer coefficients and

Nusselt number field on the entire impinged surface can

finally be evaluated from Eqs. (1)–(8). The uncertainties

due to the different parameters and measurements have

been evaluated. In the impingement region the total

relative error on the heat transfer coefficient is less than

10% and the random relative error (global error minus

bias) is less than 5%. The uncertainty comes mainly from

the uncertainty on the impingement plate back side

emissivity and on the measurement of Tb.

Only the test section centerline region (defined by the

zone of influence of the three jets centered on the test

section) is really used for data processing in order to

eliminate any interference due to side effects. Averaging

of local Nusselt numbers can then be introduced in

order to analyse the parameters influence on the overall

cooling efficiency. The averaging process is resumed by

Eq. (9):

�hh ¼ qf
c=ðTw � TjÞ ð9Þ

The averaging area is the same in a one-row case

and in a three-rows case (Fig. 5) independently of the

impingement parameters so that the results can stand

comparison in terms of overall cooling efficiency. It

corresponds to the zone of influence of the middle jet of

the upstream row. The area is limited in the spanwise

direction by the zone of influence of the next jets. In the

streamwise direction, experiments show that the im-

pinging jet influence is of importance only 5d upstream

and downstream of the jet which corresponds in the

three-rows case to the influence limit of the second row.

5. Results and discussion

5.1. Geometry with several injection rows

Fig. 6 shows an example of the thermal footprints of

three impinging jets obtained from the infrared mea-

surements. Isotherms are perfectly axisymmetric except

in the far field of the impingement. We do not notice

Fig. 5. Averaging area.
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sensitive influence of the fountain effect at the jets

junction.

Detailed local Nusselt number distributions for a

one-row case and two three-row cases are presented

as functions of streamwise distance in Fig. 7. Profiles

shown are centered on the jets. The dotted lines show

the jet streamwise positions. Each impingement jet is

responsible for a high heat transfer increase with a

maximum reached at the stagnation point. The Nusselt

number distributions of the one-row and three-row

cases fit perfectly well within the zone of influence of the

first row. Downstream of this region, heat transfer is

drastically reduced in the one-row case since the im-

pingement is not efficient anymore whereas the im-

pinging jets of the two last rows maintain high heat

exchanges in the three-rows configuration. The second

and third rows have not any thermal effect on the first

row. This was observed within the tested range of pa-

rameters even for the maximum impinging distance

Z=d ¼ 10 for which jet interaction between two rows is

the most likely. The chosen streamwise spacing between

two rows of the three-rows case (c=d ¼ 10) is typical of

a turbine geometry and is indeed large enough to reduce

the streamwise jet interaction before impingement to a

minimum level. The first row can then be analysed in-

dependently of the presence of downstream additional

rows. The results will be representative of the behaviour

of a single row of impinging jets and of the behaviour of

the first row of an array of jets as well. One should

notice that for an array of jets the air exhaust from

the upstream jets disturbs the downstream impinging

jets by creating a crossflow. Downstream jets are more

or less deflected depending on the mass flow rate and the

confinement involved (and thus on the impingement

distance). Maximum and averaged heat transfer due to

impingement are all the more reduced as spent air ac-

cumulates. These features are visible on the three-rows

cases of Fig. 7: for Z=d ¼ 5, stagnation point Nusselt

number is reduced by 16% on the second row (17.4% for

Z=d ¼ 10) and by 28.7% on the third row (26.7%

for Z=d ¼ 10) when compared to the stagnation point

Nusselt number on the first row. Furthermore one

should notice the strong heat transfer decrease for high

impingement distances. The Nusselt number values de-

crease around 42–43% for the first two stagnation points

(x=d ¼ 0 and 10) and around 32% for the third stag-

nation point (x=d ¼ 20) between the Z=d ¼ 5 case and

the Z=d ¼ 10 case. The results that will be presented

concerned only one row. They should then be modu-

lated if application to downstream jets of an array is

looked at.

5.2. Influence of the Reynolds number

Five impingement Reynolds numbers have been tes-

ted: Re ¼ 3000, 7000, 10 000, 15 000 and 20 000. The

streamwise and spanwise distributions of local Nusselt

numbers for p=d ¼ 4 and Z=d ¼ 2 are shown in Fig. 8.

These profiles are centered on the jet. For Re ¼ 3000, the

impingement is very weak and heat transfer is low. Local

heat transfer is a growing function of Re. Fig. 9 presents

the minimum and maximum values of local Nu ex-

tracted from the spanwise profile as a function of Re.

The maximum value corresponds to the stagnation point

heat transfer whereas the minimum Nu is found for

y ¼ p=2. The fountain effect does not seem to have a

sensitive effect on the wall exchange. The Nusselt num-

ber value at p=d ¼ �2 (in the middle of two jets, where

this effect is the more important) is sensibly the same the

one obtained in the x-direction (x=d ¼ 2). The averaged

Nusselt number calculated over the surface defined in

Fig. 5 is plotted in Fig. 9 as well. The variation of the

averaged Nusselt number can be approximated by a

power-law dependence based on Re0:88.

Fig. 7. Nusselt number streamwise profiles––comparison of a

one-row case with a three-rows case.

Fig. 6. An example of infrared measurement (p=d ¼ 4,

Z=d ¼ 5, Re ¼ 10000).
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5.3. Influence of impingement distance z

Heat transfer variations with the impingement dis-

tance Z=d have been investigated extensively. A few

spanwise Nusselt profiles extracted from these mea-

surements are displayed in Fig. 10. The impingement

distance Z=d ¼ 2 leads to the highest local heat transfer

over the range of impingement distances tested. Fig. 10

illustrates this result which is in accordance with the

results of Baughn and Shimizu [21] who pointed out the

same impingement distance for a single impinging jet.

Nevertheless Fig. 10 shows as well that the heat transfer

rate generated by the impingement distance Z=d ¼ 5 is

very closed to the heat transfer rate for Z=d ¼ 2. All

these results are independent of the injection Reynolds

number and the spacing p=d. As a consequence, the

maximum averaged Nusselt number is obtained for

Z=d ¼ 2 within the range of distances tested. The con-

tinuous variations of the averaged Nusselt number as

a function of the impingement distance have been in-

terpolated from the measurements for different spacings

p=d (Fig. 11). Then for a given spanwise jet spacing, an

optimum impingement distance Z=d have been identi-

fied. Fig. 11 shows that a value of Z=d close to 3 seems

indeed to correspond to a maximum averaged heat

transfer, independently of p=d. Nevertheless the differ-

ences for distances 2 < Z=d < 4 are quite low. This

is partly due to the fact that the surface over which

the Nusselt numbers are averaged is quite large in the

streamwise direction which tends to smooth the results.

Heat transfer rate rapidly decreases for impingement

distance below Z=d ¼ 2. At these distances, the con-

finement effect is greatly penalizing and one should

a priori avoid these values to improve the cooling

efficiency. Heat transfer rate decreases as well when

the impingement distance increases beyond Z=d ¼ 5. At

Z=d ¼ 10, the impingement is too weak to cool effi-

ciently the surface. As a rule of thumb, it would there-

fore be a good design practice to choose for a first

attempt an impingement distance Z=d ¼ 3.

Fig. 10. Spanwise distributions of Nusselt numbers in a one-

row configuration for different impingement distances.

Fig. 11. Variation of the averaged Nusselt number with the

impingement distance for different spanwise spacings.

Fig. 8. Streamwise and spanwise distributions of Nusselt

numbers in a one-row configuration for different injection

Reynolds numbers.

Fig. 9. Variation of minimum, maximum and averaged Nusselt

numbers with the injection Reynolds number.
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5.4. Optimization of geometry and of injection rate

The quantity of air used to cool is connected to the

number of injections and to the injected flow rate of

each orifice.

In Fig. 11, one should not compare directly averaged

Nusselt numbers for different spanwise spacings p=d.

Indeed the value p=d governs directly the surface

over which the averaged Nusselt number is calculated

(Fig. 5). As an example averaged Nusselt numbers for

p=d ¼ 2 are higher than for p=d ¼ 4 (Fig. 11) but it

does not mean the cooling is more efficient for p=d ¼ 2

since the surface cooled taken into account is larger for

p=d ¼ 4 than for p=d ¼ 2. The same consideration is

of importance when looking at Fig. 12. For a given

impingement distance the averaged Nusselt number is a

decreasing function of p=d but this function originates

from the process of averaging and is not representative

of a cooling weakening. Fig. 12 should then only be

analysed vertically: at a given value of p=d, one can

again notice the relative influence of the impingement

distance.

To evaluate the overall cooling efficiency of the dif-

ferent impingement configurations and to be able to

compare the different impingement cases, one can work

at a fixed mass flow rate of coolant per unit area of

cooled surface Gs [22]. Gs represents the air quantity

devoted to the cooling of a given surface: the aim of the

designer is then to obtain maximum heat transfer rates

minimizing Gs. In our study Gs is expressed by Eq. (10).

Gs ¼ qVjðpd2=4Þ=ðp � 10dÞ�1 ð10Þ

At a given impingement distance, averaged Nusselt

numbers are expressed as a function of Gs in Figs. 13–16.

A network of Nusselt number curves depending on p=d
and Re is derived from the measurements and plotted

for each value of Z=d. Increasing the injection Reynolds

number at a fixed value of p=d or decreasing the span-

wise spacing p=d at a fixed value of Re increase heat

transfer rates. Nevertheless it means that Gs is increased

Fig. 12. Variation of the averaged Nusselt number with the

spanwise spacing for different impingement distances.

Fig. 13. Nu ¼ f ðGsÞ Z=d ¼ 1.

Fig. 14. Nu ¼ f ðGsÞ Z=d ¼ 2.

Fig. 15. Nu ¼ f ðGsÞ Z=d ¼ 5.

Fig. 16. Nu ¼ f ðGsÞ Z=d ¼ 10.

4198 P. Brevet et al. / International Journal of Heat and Mass Transfer 45 (2002) 4191–4200



as well. For a fixed value of Gs, the overall cooling ef-

ficiency is proportional to the averaged Nusselt number.

Figs. 13–16 show that for a fixed value of Gs, indepen-

dently of the impingement distance (Z=d), the designer

interest is to increase the injection Reynolds number and

increase p=d as well rather than the contrary. In this way

heat transfer rates are increased and the mass flow

rate of cooling air is kept constant. As an example, for

Z=d ¼ 2 or 5 (Figs. 14 and 15) and Gs fixed at 0.72, heat

transfer is increased by 70% when changing the im-

pingement configuration from p=d ¼ 2 and Re ¼ 10000

to p=d ¼ 4 and Re ¼ 20000. Furthermore Figs. 13–16

point out that for a given impingement distance and a

given Reynolds number, it is not efficient to increase the

mass flow rate of coolant per unit area of cooled surface

Gs by decreasing p=d beyond a certain point. Thus, for

Z=d ¼ 5, Re ¼ 10000 or 20 000, heat transfer is in-

creased by 45% when p=d changes from 10 to 4 (Gs is

then increased by 250%) and only by 10% when

p=d changes from 4 to 2 (Gs increased again by 200%).

Over the range of impingement distances and Reynolds

numbers tested, it seems there is no point in decreas-

ing the spanwise spacing below p=d ¼ 4–5: beyond this

point, heat transfer improvement does not balanced

the cost due to the large increase in the amount of air

required. This result is visible in Fig. 17 as well as

the influence of the impingement distance Z=d. Again

Z=d ¼ 2 appears as the most efficient distance among

the distances tested in this study.

6. Conclusion

Local and averaged heat transfer coefficients were

measured using the heated-thin-foil technique associated

with infrared measurements for a row of confined jets

impinging on a flat plate. Spent air was constrained to

exit in a single direction to be representative of a turbine

internal cooling system. The influences of the impinge-

ment distance, the injection Reynolds number and the

spanwise spacing between jets were investigated. The

mass flow rate of coolant per unit area of cooled surface

Gs was introduced to compare the results in terms of

overall cooling efficiency. It is indeed the first parameter

the designer have to minimize to optimize the cooling

system if he takes only into account the heat transfer

rates and not the temperature uniformity of the cooled

surface. The measurements pointed out an optimum

impingement distance (maximum heat transfer rates)

within the range Z=d ¼ 2 and Z=d ¼ 5. A value of Z ¼
3d could be a good design practice. Increasing Re and

decreasing p=d tend to improve heat transfer rates. At a

fixed value Gs, it is more interesting to increase Re and

p=d than decreasing p=d. An optimum spanwise spacing

p=d ¼ 4–5 was identified. Within the range of our study,

it is not worth taking a lower value for p=d as the cost

in terms of amount of cooling air required is too high

compared to the heat transfer enhancement. Again this

does not take into account any temperature uniformity

criteria.
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