
-THE EFFECT OF ENTRAINMENT 

ON JET IMPINGEMENT 

HEAT TRANSFER 

by 

Steven A. Striegl 

Thesis submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirem.ents for the· degree of 

Master of Science 

in 

Mechanical Engineering 

APPROVED: 

T. E. Diller, Chairman 

/'- - - -- --

w. C. Thomas D. R. Jaa'6la 

March, 1982 

Blacksburg, Virginia 



ACKNOWLEDGEMENTS 

I would like to thank Dr. T. E. Diller for his help and 

encouragement throughout this research. The support and 

suggestions of my committee members Dr. W. C. Thomas and Dr. 

D. R. Jaasma are also appreciated. The advice and support 

of Dr. J. B. Jones is gratefully acknowledged. Finally, I 
,. 

would like to thank my fiancee Jean for her patience and 

understanding throughout my graduate studies. 

ii 



TABLE OF CONTE~TS 

ACKNm·rLEDGEMENTS . ii 

TABLE OF CONTENTS iii 

LIST OF FIGURES vi 

LIST OF TABLES x 

NOMENCLATURE . xii 

I. INTRODCCTION 

1.1 General 

1.2 Research Objective and Scope 

1.3 Literature Review 

1 

1 

3 

5 

I I. ANALYTICAL ~IODEL 11 

2.1 Introduction 11 

2. 2 Solution of the ~!omen tum Equation for 
the :;'ree Jet . . . . . . . . . . . 13 

2.3 Solution of the Energy Equation for 
the Free Jet . . . . . . . . . . . . 16 

2. 4 Solution of the ~!omen tum Equation in the 
Stagnation Region . . . . . . 20 

2.5 Solution of the Energy Equation in the 
Stagnation Region 24 

2.5.l ? = 0 Solution 

2.5.2 f = 1 Solution 

24 

25 

2.6 Solution of the Momentum Equation in the 
Wall Jet . . . . . . . . . . . . 30 

2.7 Solution of the Energy Equation in the 
Wall Jet . . . . . . . . . . . . . 37 

iii 



TABLE OF CONTENTS (continued) 

2.7.1 f = 1 Solution 

2.7.2 F = 0 Solution 

2.8 Heat Transfer 

2.8.1 Stagnation Region Transfer 

2.8.2 Wall Jet Region Heat Transfer 

III. EXPERIMENTAL PROGRAM 

3.1 Experimental Apparatus 

37 

38 

40 

42 

47 

50 

50 

3.1.1 The Flow System and Orifices 50 

3.1.2 The Plate Assembly and Heat Flux 
Gage . . . . . . . . . . . . . 53 

3.2 Data Collection and Experimental 
Procedure 

IV. RESULTS .... 

4.1 Stagnation Region 

4.2 Wall Jet Region 

4.3 Multiple Jet Results 

v. DISCUSSION 

VI. CONCLUSIONS AND RECOMMENDATIONS 

REFERENCES 

APPENDICES 

A. 

B. 

Values of Experimentally Determined 
Coefficients for Heat Transfer 
Correlations . . . . . . . 

Heat Flux Gage Correction 

iv 

58 

61 

61 

70 

77 

86 

92 

93 

98 

113 



c. 
D. 

E. 

F. 

VITA .. 

TABLE OF CONTENTS (continued) 

Discharge Coefficients 

Computer Program . 

Experimental Data 

Determination of the Entrainment Factor 
for Jet Arrays . 

v 

121 

127 

136 

154 

157 



Figure No. 

1. 

2. 

< ...., . 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

LIST OF FIGURES 

Single Jet 

Jet Array 

Inpinging Jet Schematic 

Free Jet Velocity Field 

2 

2 

12 

14 

Free Jet Velocity Profiles 17 

Free Jet Temperature Field 19 

Stagnation Region Flow Field 21 

Temperature Profiles in the Stagnation 
Region wben F = 0 . . . . . . . . . 26 

Stagnation Region Temperature Field 
When f = 1 . . . . . . . . . . . . . 27 

Temperature ~rof iles in the Stagnation 
Region When F = l . . . . . . . . . . 31 

Wall Jet Velocity and Te~perature Fields 
When r = 1 . . . . . . . . . . 33 

Velocity Profiles for the Wall Jet . . 36 

Wall Jet Temperature ?ield When f = 0 39 

Wall Jet Temperature Profiles When F = 0 41 

Experimental Apparatus 51 

Plate Assembly 54 

Heat Flux Gage 55 

Significance of Entrainment on Jet 
Impingement Heat Transfer 

Stagnation Region Heat Transfer When 
f = o ............ . 

vi 

62 

65 



Figure No. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

LIST OF FIGURES (continued) 

Stagnation Region Heat T!"ansfer When 
F > o . . . . . . . . 
Stagnation Region Heat Transfer ·when 
r > o . . . . . . . . .. 
Stagnation Region Heat Transfer When 
F = 1 

Stagnation Region Heat Transfer When 
f = 1 . . . . . . . . ... 

Comparison of Stagnation Point Heat 
Transfer Data .... 

Heat Transfer for Single Jet When 
f = 0 . . . . . . . . . . 

Heat Transfer for Single Jet When 
f = 0 

Heat Transfer for Single Jet vfuen 
f > o . . . . . 
Heat Transfer for Single Jet When 
F > 0 . • . . . . . . . 

Heat Transfer for Single Jet When 
f = 1 . 

Heat Transfer for Single Jet When 
f = 1 

Pressure Distribution on Impingement 
h Plate When ~ = 13 . . 

0 
Pressure Distribution on Impingement 
Plate When ~ = 25 . . . . 

0 
Temperature Distribution in Recirculation 
Region . . . . . . 

~ultiple Jet Heat Transfer 

vii 

66 

66 

67 

67 

69 

74 

74 

75 

75 

76 

76 

78 

80 

81 

83 



Figure No. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

LIST OF FIGURES (continued) 

Xultiple Jet Heat Transfer . . . . . . 

Comparison of Single and :Iul tip le Jet 
Heat Transfer . . . . . . . . . . . . 

~Iultiple Jet Heat Transfer at the Stag-
nation Point . . . . . . . . . . . . 

Turbulence Correction for Stagnation 
Region Heat Transfer Correlation for 
15 mm Slot . . . . . . . . . . . . . 

Turbulence Correction for Stagnation 
Region Heat Transfer Correlation for 
10 mm Slot . . . . . . . . . . . . . 

Turbulence Correction for Stagnation 
Region Heat Transfer Correlation for 
5 mm Slot . . . . . . . . . . . . . 

Turbulence Correction for Stagnation 
Region Heat Transfer Correlation for 
3 mm Slot . . . . . . . . . . 
Free Jet Thermal Potential Core Length 
Coefficient . . . . . . . 
Wall Jet Velocity Decay Coefficient for 
15 mm Slot . . . . . . . 
Wall Jet Velocity Decay Coefficient for 
10 mr.t Slot . . . . . . . 
Wall Jet Velocity Decay Coefficient for 
5 mm Slot . . . . 
Wall Jet Velocity Decay Coefficient for 
3 mm Slot . . . . . . . . . . . . 
Wall Jet Temperature Decay Coefficient 
for 15 mm Slot . . . . . . . . . 
Wall Jet Temperature Decay Coefficient 
for 10 mm Slot . . . . . . 

viii 

83 

84 

85 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 



LIST OF FIGURES (continued) 

Figure No. 

49. Wall Jet Temperature Decay Coefficient 
for 5 nrrn Slot . . . . . . . 111 

50. Wall Jet Temperature Decay Coefficient 
for 3 mm Slot . . . . . . . . 112 

51. Heat Flux Gage with Constant Heat Transfer 
Coefficient . . . . . . . . . . . . . . 115 

52. Apparatus for Determination of Discharge 
Coefficient . . . . . . . . . . . . 123 

53. Control Volume for Energy Balance to 
Determine the Entrainment Factor for a 
Jet Array . . . . . . . . . . . . . 156 

ix 



Table.No. 

1. 

2. 

3. 

4. 

5. 

LIST OF TABLES 

Values of the Wall Jet Velocity and 
Temperature Decay . . . . . . . 

Discharge Coefficients for Slot 
Orifices . . . . . . . . . . . 

Values of Functions in the Series Re-
presentation for Temperature in the 
Stagnation Region When F = 1 . . . . 

Values of the Similarity Functions for 
the Wall Jet Velocity and Temperature 
When F = 0 ............ . 

Pressure Distribution Data for Single 
and Multiple Jets When k = 13, 

0 Re = 7710 . . . . . . . . . 

6. Pressure Distribution Data for Single and 
Multiple Jets When k = 25, Re = 7740 

0 
7. Nusselt Number Data for Single Jet, 

F = 0, 15 Ililil Slot (CD= 0.736) 

8. Nusselt Number Data for Single Jet, 
F = 0, 10 Ililil Slot (CD= 0.693) 

9. Nusselt Number Data for Single Jet, 
F = 0 , 5 rrnn S 1 o t (CD = 0 . 7 0 9) . . . 

10. Nusselt Number Data for Single Jet, 
F = 0, 3 Ililil Slot (CD = 0. 703) ... 

11. Nusselt Number Data for Single Jet, 
F > 0, 15 rrnn Slot (CD= 0.736) 

12. Nusselt Number Data for Single Jet, 
F > 0, 10 Ililil Slot (CD= 0.693) 

13. Nusselt Number Data for Single Jet, 
F > 0, 5 Ililil Slot (CD= 0.709) ... 

x 

. . 

. . 

. 

. . 

. 72 

126 

130 

131 

138 

139 

140 

140 

141 

142 

143 

144 

145 



Table No. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

LIST OF TABLES (continued) 

~~usselt Number Data for Single Jet, 
F > 0, 3 rrnn Slot (CD = 0. 703) . . . 146 

Nusselt Number Distributions for Single 
Jets F = 0 . . . . . . . . . . . . . . 147 

Nusselt Number Distributions for Single 
Jets F > 0 . . . . . . . . . . . . . 148 

Nusselt ~~umber Data in the Stagnation 
Region for Single Jets When F = 0 . . 149 

~usselt l'~umber Data in the Stagnation 
Region for Single Jets When f > 0 . . 150 

Nusselt Number Data for Determining the 
Significance of the Entrainment Factor 151 

Nusselt Number Data at the Stagnation 
Point for :--!ultiple Jets . . . . 152 

Nusselt ~umber Data in the Wall Jet 
Region for Multiple Jets ... 

xi 

153 



NOMENCLATURE 

A = Area of the slot opening (ra2) 

B = Wall jet velocity spreading rate 

b0 = Effective slot width (m) 

B0 ,B2 = Coefficients in the series representation for the 
stagnation region temperature when F = 1 

B1 ,B2 = Coefficients in the series representation for the 
stagnation region velocity 

c2 = Free jet velocity spreading rate 

c3 = Constant used to define B1 
c5 = Constant used to define YOT 

c6 = Parameter used to account for the effect of tur-
bulence on the stagnation region heat transfer 

c7 = Wall jet velocity decay 

c8 = Wall jet temperature decay 

CD = Discharge coefficient 

Cp = Specific heat (J/kg ~) 

%co 2 = Molar percent of co2 

D = Free jet temperature spreading rate 

E = Output voltage of heat flux gage (mv) 

E2 = Wall jet temperature spreading rate 

f = Gage calibration factor (mv m2 /W) 

f 1 ,f3 = Functions used in the series representation of the 
stagnation region velocity 

F = Similarity function used in free jet solution 

F = Entrainment factor 

xii 



FO,f 2 

FA,FB 

h 

h c 

h cc 

h . WJ 
H 

NOMENCLATURE (continued) 

= Functions used in the series representation of the 
stagnation region temperature when r = 0 

= Functions used in the series representation of the 
stagnation region temperature when F = 1 

= Similarity function for the wall jet temperature 
when f = 0 

= Impingement height (m) 

= Heat transfer coefficient used in heat flux gage 
analysis (W/m2 C) 

= Corrected heat transfer coefficient used in gage 
analysis (W/m2 C) 

= Measured heat transfer coefficient (W/m2 C) 

= Stagnation region heat transfer coefficient 
(W/m2 C) 

= Wall jet region heat transfer coefficient (W/m2 C) 

= Similarity function for wall jet velocity 

= Bessel function 

= Constant in eddy diffusivity model for free jet 

= Thermal conductivity (W/m C) 

= Thermal conductivity of constantan disc (H/m C) 

~ Constant used in eddy diffusivity model for wall 
jet 

K2 = Thermoelectric constant for copper constantan 
(0. 42 mv/ C) 

L = Half length between jets (m) 

~1W air = Molecular weight of air 

xiii 



NOMENCLATURE (continued) 

MWmix = Molecular weight of air and co2 mixture 

Nu . WJ 

NC02 

pl 

6P2 

Pbar 
Pr 

r 

R 

Re 

t 

= Stagnation region Nusselt number 

= Stagnation point Nusselt number 

= Wall jet region Nusselt number 

= Molar flow rate of air (mol/s) 

= Molar flow rate of co2 (mol/s) 

= Pressure of co2 at flow meter (kPa) 

= Pressure drop across orifice (kPa) 

= Barometric pressure (kPa) 

= Prandtl number 

= Actual heat flux (W/m2) 

= Calibration heat flux (W/m2 ) 

= Mass flow rate of co2 (kg/s) 

= Radial distance from gage center (m) 

= Radius of constantan disc (m) 

= Universal gas constant (8.314 J/mol K) 

Reynolds number based on quantities at slot opening 
Re : v0b 0 /v 

= Thickness of constantan disc (m) 

= Temperature of co2 at flow meter ( C) 

= Temperature of air and co2 at slot opening ( C) 

2 Temperature at gage center ( C) 

= Temperature of jet at slot opening ( C) . 

= Centerline temperature of free jet ( C) 

xiv 



NOMENCLATURE (continued) 

= Maximum temperature in wall jet ( C) 

= Temperature and dimensionless temperature in stag-
nation region ( C) 

=Temperature.of isothermal plate ( C) 

T .,T. =Temperature and dimensionless temperature in WJ WJ 
wall jet ( C) 

= Temperature and dimensionless temperature in free 
jet ( C) 

T51 , T51 = Temperature and dimens.ionless temperature in 
stagnation region when F = 0 ( C) 

T52 ,T52 = Temperature and dimensionless temperature in 
stagnation region when F = 0 ( C) 

Twl'Twl =Temperature and dimensionless temperature in wall 
j et when F = 1 ( C) 

Twz,Twz =Temperature and dimensionless temperature in wall 
jet when F = 1 ( C) 

U = Velocity in wall jet (m/s) 

UFS = Free stream velocity in stagnation region (m/s) 

Um = Maximum velocity in wall jet (m/s) 

u5 = Velocity in stagnation region (m/s) 
.J... 

u" = Maximum free stream velocity in stagnation region 
(m/s) 

V = Velocity in free jet (m/s) 

Vm = Maximum velocity in free jet (m/s) 

v0 = Velocity of free jet at slot opening (m/s) 

X = Coordinate parallel to plate with origin at stag-
nation point (m) 

xv 



NOMENCLATURE (continued) 

x0 = Distance from leading edge of flat plate used in 
gage correction (m) 

X = ~ean value of data ... 
x" = Value of X at the end of the stagnation region (m) 

1': 
XT = Width of free jet temperature profile at the im-

pingement plate (m) 

Y1 = Coordinate perpendicular to plate with origin 
at slot opening (m) 

Y2 = Coordinate perpendicular to plate with origin at 
stagnation point (m) 

Y0 = Potential core length (m) 

Y0T = Thermal potential core length (m) 

Greek Letters 

5 = Free jet velocity profile width (m) 

oG = Parameter used in heat flux gage correction 

o5 = Stagnation region boundary layer thickness (m) 

oT = Free jet temperature profile width (m) 

6TS 

<5 w 

0wT 

f. m 

= 

= 

= 

= 

= 

= 

Thermal boundary layer thickness in the stagnation 
region (m) 

Width of velocity profile for wall jet (m) 

Width of temperature profile for wall jet (m) 

Eddy diffusivity for heat in the free jet 

Eddy diffusivity for heat in the wall jet 

Eddy diffusivity for momentum in the free jet 

xvi 



~mw 

y 

n w 
a 

~OMENCLATVRE (continued) 

= Eddy diffusivity for momentum in the wall jet 

= Dependent variable in stagnation region solution 

= Density (kg/m3) 

= Similarity variable in free jet solution 

= Similarity variable in wall jet velocity solution 

= Standard deviation of data 

= Dinensionless temperature used in heat flux gage 
correction 

= Kinematic viscosity (m2/s) 

= Similarity variable in wall jet temperature 
solution when r = 0 

xvii 



I. INTRODUCTION 

1.1 General 

Turbulent impinging jets are widely used in industrial 

applications requiring high convective heat and mass trans-

fer rates. Typical applications include: drying paper or 

textiles, heating or. tempering metals, and cooling turbine 

blades or combustors. 

A single impinging jet is shown schematically in Fig. 

1. The jet issues from an orifice and after a short dis-

tance becomes a fully developed free jet. The free jet then 

impinges on the surface and spreads outward to form a wall 

jet. The heat transfer to an impinging jet issuing into an 

environment at the jet temperature has been previously 

analyzed both experimentally and analytically. However, the 

heat transfer to an impingi~g jet issuing into an environ-

ment at a temperature different from the jet has not been 

sufficiently analyzed. 

A single impinging jet may be used for spot heating or 

cooling, but for most applications arrays of impinging jets 

are used. A jet array is shown in Fig. 2. This array is 

typical of those used in industry where a single orifice 

plate with multiple orifices is attached to a large plenum. 

The flow field for a jet array is similar to that of the 

free jet except that a region of recirculating flow exists 

1 
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between the adjacent jets. The temperature of the fluid in 

the recirculation region may be significantly different from 

the temperature of the environment that would exist for the 

corresponding case of a single jet. The fluid in the re-

circulation region is entrained by the free and wall jets. 

Thus, the temperature of the fluid in the recirculation 

region may significantly affect the heat transfer. For 

the jet array considered here, the effect of crossflow was 

insignificant. As shown in this paper, it is the entrain-

ment of the recirculating fluid which accounts for a major 

portion of the discrepancy between the measured heat trans-

fer rates in single and multiple jets in the absence of 

cross flow. 

1.2 Research Objective and Scope 

The objective of this research was to: 

1. Develop a simple analytical model which could 

account for the effect of the entrainment of the 

surrounding fluid on the local heat transfer rate. 

2. Test the model against measured local heat trans-

fer rates to single jets in which the temperature 

of the environment was controlled to range from 

the initial temperature of the jet to the plate 

temperature. 
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3. Account for the discrepancy between the heat 

transfer rates to single jets and jet arrays by 

comparing the analytically determined heat trans-

fer to the measured local heat transfer to jet 

arrays. 

Only two-dimensional slot jets were considered. The 

aspect ratio was greater than 10 to eliminate end effects. 

One-dimensional jets were chosen because they are more 

easily analyzed than axisymmetric jets. In addition, one-

dimensional jets have received less attention in the liter-

ature. The analysis presented here is limited to air jets. 

However, the analysis can easily be extended to submerged 

jets of any Newtonian fluid. 

For multiple jets, the heat transfer was measured only 

for the center jet of a three-jet array. In addition, the 

heat transfer was measured midway along the length of the 

center jet. Thus, the effect of crossflow parallel and 

perpendicular to the jet was minimized. For the single jets 

four different slot widths, varying from 3 mm to 15 mm, were 

used. One jet array with slots 3 mm wide and 99 mm apart 

was used. The Reynolds number based on quantities at the 

slot opening was varied from 3000 to 40000. The dimen-

sionless impingement height, h/b0 , was varied from 6 to 25. 

The one-dimensional jets considered here issued from 

slot orifices. This arrangement is widely used in industry 
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because the slots are easily fabricated. For these slot 

orifices, the discharge coefficient was measured and used to 

define an effective slot width, b0 . The effective slot 

width ; discharge coefficient times actual slot width. The 

effective slot width was used to reduce the data. 

1.3 Literature Review 

Interest in the heat and mass transfer rates to im-

pinging jets has been increasing as industry demands higher 

heat and mass transfer rates. Most of the attention has 

been directed toward obtaining empirical correlations for 

the heat transfer to jet arrays. Some theoretical analyses 

have been done on single turbulent jets. The single jet 

analyses have been unsuccessful in accurately predicting the 

heat transfer rates to jet arrays. The lack of success with 

the single jet models has usually been attributed to the 

effects of crossflow and jet interaction in jet arrays. The 

effect of entrainment, however, has not been considered. 

Hollworth (1) and Huang (2) have done experimental 

studies on arrays of round impinging jets to determine both 

local and average heat transfer rates. These studies in-

clude the effect of jet interaction. The additional effect 

of crossflow on the heat transfer to arrays of round jets 

has been considered by Florschuetz (3), Kercher (4), and 

Chance (5). 
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Some theoretical studies on a single round turbulent 

impinging jet have been presented: Han (6), ?amadi (7), 

Chia (8), and Nakatogawa (9). Han applied his single jet 

model to jet arrays using an experimentally determined 

parameter to account for jet interference. Gardon (10) 

measured local and average heat transfer rates to both 

single round jets and arrays of round jets. Gardon noted a 

discrepancy between the single and multiple jet heat trans-

fer which he attributed to jet interaction. 

All of the studies introduced above were done for cool 

jets issuing into an environment at the same temperature. 

For the multiple jet studies no mention was made of the 

temperature in the recirculation region between the jets. 

Thus, there is no way to determine what effect entrainment 

may have had on the heat transfer results. Vlachopoulos 

(11,12) analyzed the heat transfer from a single round hot 

impinging jet both experimentally and analytically. 

Vlachopoulos used a finite difference technique to model the 

entrainment of the cool surrounding air by the hot jet. 

Although Vlachopolous' model did account for entrainment, 

his results were not extended to multiple jets. 

Heat transfer to two-dimensional impinging jets has 

received less attention than the heat transfer to round 

jets. For multiple slot jets the effects of crossflow, jet 

interaction, and entrainment must be considered as for round 
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jet arrays. However, the effect of these factors on one-

dimensional impinging jet arrays has not been examined as 

systematically as for round impinging jet arrays. Some of 

the pertinent literature on two-dimensional impinging jet 

heat transfer is reviewed in the following paragraphs. 

Korger (13) used naphthalene sublimation to measure the 

local mass transfer to single and multiple plane jets is-

suing from well designed nozzles. Kerger noted a slight 

increase in the local mass transfer rate to multiple jets 

(<8 percent) as the jet spacing went from 10 to 26 slot 

widths. As the jet spacing was further increased to 66 slot 

widths, the heat transfer decreased by about 15 percent of 

the maximum. Kerger offered little explanation of this 

effect noting that the differences were small. The increase 

in heat transfer as the jets are spread is likely due to the 

diminishing effect of jet interaction. The decrease in heat 

transfer at large jet spacings is probably due to entrain-

ment. The effect of entrainment on mass transfer is dif-

ficult to ascertain, however, because of the difficulty of 

measuring the naphthalene concentrations in air. 

Schuh (14) measured the average heat transfer to arrays 

of slot nozzles. Schuh noted a slight effect of jet inter-

action on the heat transfer (<25 percent) for jets spaced 

from 8 to 25 slot widths apart and no effect for jet spac-

ings 50 to 100 slot widths. Schuh used an array of long 
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nozzles each fed by a supply line rather than the single 

orifice plate apparatus used in the present study. The 

spent air was allowed to exit between the jets and there was 

no recirculation region. Thus, the effect of entrainment 

is not clear in this situation. 

Saad (15) measured local and average heat transfer 

rates to multiple jets issuing from slot nozzles by mea-

suring the power to a 2.4 rmn heated strip insulated from the 

heated plate. It is not clear what effect this arrangement 

had on the plate temperature near the point where the mea-

surements were taken. Saad used a jet array similar to that 

of Schuh which allowed the spent air to escape between the 

jets. Since Saad did not report the temperature of the 

escaping air, the effect of entrainment on the heat transfer 

can not be estimated. Saad also noted the diminishing 

effect of jet interaction as the jets were spread from 12 to 

64 slot widths apart. 

Local data for heat transfer to plane jets impinging on 

an isothermal plate was obtained by Gardon (16) using a gage 

which he developed. This type of gage is employed in the 

present research and is explained in the apparatus section. 

Gardon used both single and multiple jets issuing from slot 

nozzles. The multiple jets issued from a single plenum 

similar to the arrangement employed in this research. Thus, 

a region of recirculation existed between the jets. Gardon 
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noted diminished heat transfer for multiple jets which was 

attributed to jet interaction. However, it is not clear how 

much of the effect may have been due to entrainment. Gardon 

does discuss the difficulty of evaluating the results from 

hot jets issuing into a cool environment because of entrain-

ment, but does not consider the significance of entrainment 

on the jet arrays used in his study. 

Cadek (17) employed a similar heat flux gage to measure 

the heat transfer to single jets issuing from a well de-

signed nozzle. Several good reviews of slot and round jet 

heat transfer are given in Livengood (18), Obot (19) and 

Martin (20). The reviews discuss the effect of crossflow 

and jet interaction, but the effect of entrainment is not 

considered. 

Analytical studies of impinging jets generally divide 

the flow into three regions: the free jet, the impingement 

region, and the wall jet region. The characteristics of 

each of these regions are discussed in detail in the anal-

ysis section. The free jet has been extensively studied and 

found to be accurately modeled with a similarity solution 

outside the potential core region where the jet is fully 

developed. Rajaratnam (21) presents the solutions obtained 

by Tollmein and Goertler who used two different eddy vis-

cosity models. Experimental studies of the plane free jet 

velocity profiles are presented in several papers (22,23 1 

24,25). 
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The impingement region can be modeled as a laminar flow 

due to the strong favorable pressure gradient developed in 

the free stream as the flow is turned. The impingement 

region has been less extensively analyzed than the free jet 

due to the difficulty of predicting the free stream boundary 

conditions. Andreyev (26) analyzed the impingement region 

with a Blasius series solution using the measured free. 

stream velocity as a boundary condition. 

The wall jet has also been extensively analyzed. The 

most well known analysis was performed by Glauret (27) who 

assumed power law velocity profiles. Rao (28) showed that 

the wall jet velocity could be adequately modeled with a 

similarity solution like those for the free jet. Some 

experimental data for the plane wall jet velocity profiles 

is presented in references 25, 29, and 30. Gauntner (31) 

reviewed the experimental data for the velocity profiles in 

all three regions. 



II. ANALYTICAL MODEL 

2.1 Introduction 

The theoretical analysis of the heat transfer to a 

plane turbulent jet impinging on a heated surface requires 

the solution of the equations of energy and motion in three 

different regions. Figure 3 shows the three regions of the 

impinging jet. Heat transfer from the plate occurs in the 

stagnation and wall jet regions. The free jet is analyzed 

to determine the boundary conditions in the stagnation 

region. 

In the stagnation and wall jet regions, a dimensionless 

entrainment factor, r, is used as a measure of the impor-

tance that entrainment of the surrounding fluid has on the 

heat transfer. 

(1) 

Thus, for a jet issuing into surroundings at the same tem-

perature, F = 0. For a jet issuing into surroundings at the 

wall temperature, F = 1. The energy equation in the stag-

nation and wall jet regions is solved for the two sets of 

boundary conditions corresponding to f = 0 and F = 1. 

Because the energy equation is linear, the solutions for the 

two limiting cases can be superposed to provide the solution 

for any value of the entrainment factor between zero and 

11 
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one. The analytically determined heat trans.fer coefficient 

therefo.re contains the. entrainment factor as a parameter. 

The solutions of the. equations of energy and motion are 

obtained using similarity and series analyses. The analysis 

involves published solutions and some extensions of these 

solutions which have not been published. In addition, the 

combination of the solutions using the entrainment factor is 

unique. 

2.2 Solution of the Momentum Equation for the Free Jet 

Figure 4 shows the free jet velocity field. The ve-

locity profiles of a fully developed plane turbulent free 

jet are similar if the maximum velocity and width of the jet 

are properly scaled. The proper relations for the maximum 

velocity and jet width are 

(2) 

(3) 

Y0 is the potential core length, and c2 is the spreading 

rate of the jet. Many investigators have determined values 

of Y0 and c2 , and an excellent review is given in Gold-

schmidt (32). The potential core length varies from 4 to 7 

slot widths. Thus, the free jet velocity profiles exhibit 
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similarity only at axial distances greater than about 6 slot 

widths. The spreading rate varies from 0.095 to 0.124. A 

value of 0.114 is suggested by Rajaratnam (20) as a good 

average. Note that in Fig. 4 the virtual origin of the free 

jet is shown coincident with the slot opening. Goldschmidt 

shows that the virtual origin can be either upstream or 

downstream of the slot opening but is usually less than two 

slot widths away from the opening. Henceforth, the virtual 

origin is taken to be coincident with the slot opening since 

the actual velocity profiles we~e not measured. 

A similarity solution to the equations of motion is 

easily obtained. The similarity variable, ~. is defined as 

n = 5 
x x = 91 

The eddy diffusivity for momentum, ~m' is modeled using 

Prandtl's second hypothesis as 

(4) 

where K is a constant. Defining a dimensionless velocity 

(6) 

the momentum equation can be expressed in terms of the 

similarity variable as 
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F' (~) 2 + F"(n) F(~) + ~ F"'(n) = 0. 
2 

The boundary conditions are 

F" (0) = F (0) = 0 I FI (O) = 1 I 

F"(co) = F' (:o) = 0 • 

(7) 

(8a) 

(8b) 

This type of similarity analysis was first performed by 

Goertler (see Rajaratnam (20)). The value of Kin the eddy 

diffusivity model must be determined by fitting the solution 

of Eq. 7 to the measured velocity profiles. Using the data 

of Reichardt (see Schlichting (33)), Goertler found K/c2 = 

0.25. 

Figure 5 shows the similarity profile for Goertler's 

solution along with the experimental data of Forthmann (25). 

The solution is tabulated in reference 20. Note that the 

solution is valid only for axial distances greater than 

about 6 slot widths where the free jet becomes fully de-

veloped. This limitation on impingecent height is not 

severe because most practical heat transfer applications 

involve fully developed impinging jets. 

2.3 Solution of the Energy Equation for the Free Jet 

For a free jet issuing into an environment at the same 

temperature as the jet, the temperature profiles are flat. 
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For a free jet issuing into an environment at a temperature 

different than the jet, the temperature profiles appear as 

in Fig. 6. Note the similarity to the velocity profiles. 

If a dimensionless temperature is defined as 

(9) 

and the Reynolds analogy is used to relate the eddy dif-

fusivity for momentum and heat, Em = EH' a similarity so-

lution like that for the momentum is obtained. The only 

difference is that the scaling factors for the maximum 

temperature and the width of the temperature profile differ 

from the scaling factors used for the velocity profile. 

T - T = T. - T IY0T/Y1 m oo 1. oo 
(10) 

(11) 

Several investigators have determined the ratio of the 

velocity width scale to the temperature width scale: 

Zijnen (34) c2/D = 0.68 

O'Callaghan (24) c2/D = 0.74 

Sf eir (23) 0.75 < c2/D < 0.83 . 

An average value of c2/D = 0.75 is used hereafter. The 

thermal potential core length, like the velocity potential 

core length, can be expressed as some number of slot widths. 
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(12) 

where Cs is a constant. The thermal potential core length 

should be slightly smaller than the velocity potential core 

length because the temperature profile becomes fully de-

veloped sooner than the velocity profile. Cs appears in the 

stagnation region heat transfer solution presented at the 

end of the analysis section. A value of Cs is obtained by 

matching the heat transfer solution with the measured heat 

transfer. The value of Cs obtained is used to determine a 

thermal potential core length which can be compared with 

the velocity potential core length. 

2.4 Solution of the Momentum Equation in the Stagnation 

Region 

The stagnation region flow field is shown in Fig. 7. 

Because of the strong favorable free stream pressure gra-

dient, the stagnation region boundary layer behaves as a 

laminar boundary layer. Thus, the simpler laminar form of 

the momentum equation can be used to analyze this flow. 

However, because of the free stream pressure gradient in the 

stagnation region, which is nonlinear due to the velocity 

profile of the free jet, a similarity solution is no longer 

possible. Andreyev (26) obtained a solution for this flow 

using the well known Blasius series. The velocity in the 
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boundary layer is expressed using the first two terms of the 

series as 

(13) 

where 

Thus, the free stream velocity is 

(14) 

The free stream velocity increases from zero at the stag-

nation point to a maximum, 
-·-L '~ 

I at the end of the stagnation 

region. Andreyev measured the velocity gradient at the 

stagnation point, the maximum free stream velocity, and the 

width of the stagnation region to determine the coefficients 

in the velocity series equation. Andreyev found 

"'k 

Bl C3 
u = -::: x 

(15) 

where 

C3 = 1. 6 ' 

and 

...,., 

frio e = 2.3 VO (16) 
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* X can be found using the free jet solution and thus elim-
~ 

inate one of the empirical relations Andreyev needed. x" is 

the width of the free jet velocity profile at the impinge-

ment plane. The width of the free jet is defined as the 

point where the dimensionless velocity V/Vm = 0.01. From 

the free jet solution, 

* x = Cz h no.01 

where 

no.01 = 3.0, 

and 

* x = 0.34 h . (17) 

The second coef ficent in the series representation of the 

velocity can be calculated as follows 

* * *3 u = Bl x + Bz x 

* * *3 
Bz = (U - Bl x )/X (18) 

The solution to the series representation of the momentum 

equation is tabulated in references 33 and 35. Note that 

this solution is valid only up to X/h = 0.34, the end of the 

stagnation region. 
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2.5 Solution of the Energy Equation in the Stagnation 

Region 

As in the solution of the momentum equation in the 

stagnation region, the free stream boundary conditions 

depend on the free jet solution. However, two limiting 

possibilities arise in the solution of the energy equation 

in the stagnation region. The first possibility is that the 

free jet issues into an environment at the same temperature 

as the jet. In this case, the entrainment factor, F, is 

zero and the free stream temperature is a constant. The 

second possibility is that the jet issues into an environ-

ment at the wall temperature. In this case the entrainment 

factor equals one and the free stream temperature has a 

distribution like the free jet solved earlier. Thus, the 

energy equation must be solved for two different sets of 

boundary conditions corresponding to entrainment factors of 

zero or one. For intermediate values of the entrainment 

factor the two limiting solutions are linearly superposed. 

2.5.1 F = 0 Solution 

When the entrainment factor is zero, the solution to 

the energy equation is relatively simple. Again the 

Blasius series is employed. The temperature in the bound-

ary layer is defined as 
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(19) 

using the first two terms of the series. Several authors 

have performed this solution and the results are presented 

in references 26 and 35. The temperature profiles at two 

positions in the boundary layer are shown in Fig. 8. Note 

that this solution is valid only up to the end of the stag-

nation region, X/h = 0.34. 

2.5.2 ~ = 1 Solution 

When the entrainment factor is one, the free stream 

temperature will vary with X and must match the temperature 

distribution in the free jet. Thus, the solution is not as 

simple as when the entrainment factor is zero and the free 

stream temperature is a constant. T~is solution has not 

been previously presented in the literature. The solution 

is an extension of the Blasius series used in the previous 

solution. 

The temperature field for this case is shown in Fig. 9. 

The solution begins with the assumption of a temperature 

profile similar to the one used in the previous solution. 

(20) 

The idea is to approximate the free jet temperature dis-
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tribution at the impingement plane with a parabolic 

relation. Now the boundary conditions must be 

(2la) 

at 

(2lb) 

The coefficients in the series for the temperature can 

now be determined. At the centerline, the free stream 

temperature will be Tm at Y1 = h from the free jet solution. 

So, at X = 0 and Y1 = h, 

T m (22) 

The free jet velocity and temperature profile width scales 

differ. Therefore, the width of the free jet temperature 
~ 

profile at the impingement plane, x.;;. is defined in a sim-

ilar fashion as the width of the velocity profile at the 

impingement plane. 

x; = Dh no.01 = 

and 

x; = 0.45 h 

Since TS 2 must be zero in the free stream when X = i: 
-~1·' 

(23) 
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and 
, B0 

B2 = - -=r. (24) 
x~ 

Now using the series representations of the velocity 

and the temperature, the laminar energy equation becomes 

(25) 

(26) 

after like powers of X are collected. The coefficients B2 , 
I 

B0 , B1 , and B2 have been evaluated in the previous dis-

cussion, and 

1 ) 
... 2 

B2Bo 
(1 - ~ s 

--r = = 0.66 (72) 
B1B2 "'i~ x 

Now the two ordinary differential equations which arise 

from the energy equation can be solved simultaneously along 

with the ordinary differential equations for the momentum 

equation (Blasius solution). A simple Runge Kutta routine 

is used. The program listing is given in Appendix D along 

with the tabulated values of the function in the series 
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representation of the .temperature distribution for Pr= 0.7. 

Figure 10 shows temperature profiles at two different 

positions in the stagnation region boundary layer. Note 

that for this case the temperature distributions. exhibit a 

peak inside the boundary layer as the flow nears the end of 

the stagnation region. This is because the free stream 

temperature approaches the wall temperature at the end of 

the stagnation region. Again this solution is valid only up 

to X/h = 0. 34. 

2.6 Solution of the Momentum Equation for the Wall Jet 

At the end of the stagnation region, the free stream 

velocity begins to decrease. The boundary layer undergoes a 

transition from laminar to turbulent and after some distance 

becomes a fully developed wall jet. 

The velocity profiles of the plane turbulent wall jet 

are often considered similar (25,28,29,30), although there 

is some debate as to whether the velocity profiles are 

actually similar and at what point downstream the flow is 

sufficiently fully developed. Some evidence for radial wall 

jets formed by impinging jets exists to show that the wall 

jet velocity profiles are fully developed within 3 stagnation 

region widths from the stagnation point (11,36). Since no 

evidence exists for plane wall jets formed by impinging jets, 

the velocity profiles are assumed to be similar at the end 
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of the stagnation region. The validity of this assumption 

is tested when the wall jet heat transfer correlation is 

compared to the experimental data. 

Figure 11 shows a sketch of the wall jet. The virtual 

origin is shown located at the stagnation point. No docu-

mentation has been found on the location of the virtual 

origin with respect to the stagnation point for plane wall 

jets formed by impinging jets. However, for radial wall 

jets formed by circular impinging jets, Rajaratnam (20) 

states that the virtual origin can be taken at the stag-

nation point with little error. Therefore, the virtual 

origin is taken to be at the stagnation point. 

The wall jet velocity profiles are similar if scaled by 

the following relations 

u C7Vo IEQ (28) = m IX 

5w = B X . (29) 

Note the similarity to the relations used to scale the free 

jet profiles. Indeed the relations differ only in the 

arrangement of the constants and the coordinate system used. 

B is the spreading rate of the wall jet. Several 

investigators have determined the value of the spreading 

rate from measurements of the velocity profiles. A good 

review is presented in Rajaratnam (20). Rajaratnam sug-

gests a value of B = 0.068. Compare this with the spreading 
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rate of the free jet c2 = 0.114. Thus, the wall jet growth 

is about 0.6 times that of the free jet. 

c7 is the velocity decay rate. Rajaratnam has also 

reviewed the data for the wall jet velocity decay and sug-

gests a value of c7 = 3.5 as a good average. Using the data 

from the review of Goldschmidt, the velocity decay for the 

free jet is about 2.4. Thus, the maximum velocity in the 

wall jet decays 1.5 times faster than the maximum velocity 

in the free jet. 

If Prandtl's second hypothesis is used to model the 

eddy diffusivity for momentum, 

s = K l! o mw w m w ' (30) 

a sir:tilarity relation for the turbulent momentum equation 

like the one for the free jet is obtained. 

' 2 " 2K ' " H + H ( !;w) H(r'.w) w H (nw) 0 (31) (rw) + -B- = 

where 

I u y 
H (1w) = u and '1 = ow ' w m 

The boundary conditions for the wall jet are different than 

the boundary conditions for the free jet, however. 

' H (0) = H(O) = 0 . (32a) 

I 

H ( oo) = 0 . (32b) 
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Rao (28) performed this type of similarity analysis for 

the wall jet. Because the wall jet behaves as a flat plate 

boundary layer near the wall and as a wake in the outer 

region, Rao found that a single value of Kw will not produce 

a good fit to the experimental velocity profiles which he 

measured. Thus, a different value of l\v must be used in the 

inner and outer layers of the wall jet. The inner and outer 

layers are then joined at the point of maximum velocity. 

Rao determined values of Kw in the inner and outer layers to 

best fit the velocity profiles. However, Rao's values of Kw 

produce a poor fit to the velocity decay determined in this 

study by correlating the heat transfer data to the anal-

ytical solution. Launder (37) explains the difficulty of 

using a simple eddy diffusivity model to both predict the 

velocity decay and match the velocity profiles. A complete 

discussion of how the values of Kw are determined is pre-

sented when the results are discussed. 

The values of ~ in the inner and outer regions that 

are used are: 

inner = 0.0041 

~outer: 0 · 014 · 

Figure 12 shows the velocity profiles predicted using the 

above values of ~ along with the experimental data of 

Forthmann (28). The tabulated values of the similarity 
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functions are given in Appendix D. 

2.7 Solution of the Energy Equation in the Wall Jet Region 

As in the stagnation region, the energy equation for 

the wall jet region must be solved for the two limiting 

cases of boundary conditions. 

2.7.1 r = 1 Solution 

When the entrainment factor is one, the temperature 

profiles will be similar to the velocity profiles (see Fig. 

11). Define a dimensionless temperature for this case as 

T 7 'r = =v_1_2 ___ ::o 
w2 T T mw ~::o 

(33) 

In a similar fashion as the velocity scales, the maximtlr.1 

temperature decay is 

T - T = (T. - T ) c8 fDQ 
mw 00 l. 00 J r' (34) 

and the width scale is 

(35) 

The spreading rate for the temperature profiles, E2 , will be 

larger than for the velocity profiles. Cadek (17) has found 

B/E2 = 0.67 (compare this with the ratio of the spreading 

rates for the free jet c2/D = 0. 75). Again, the P.eynolds 
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analogy is employed to relate the eddy diffusivities for 

heat and momentum, sHw = Emw· Thus, the temperature pro-

files will be identical to the velocity profiles if nw is 

scaled by E2/B. 

The value of the temperature decay, c8 , is left as a 

parameter to be determined by comparing the wall jet region 

heat transfer correlation to the measured heat transfer. As 

in the free jet, the temperature decay should be slightly 

smaller than the velocity decay. 

2.7.2 F = 0 Solution 

Figure 13 shows the temperature profiles schematically. 

Again, a similarity solution is employed. An analysis 

similar to the one that follows is also presented by Rao 

(28). The solution of the energy equation for this case is 

relatively simple as no new scaling factors are needed if a 

properly defined dimensionless temperature is used. Define 

the dimensionless temperature as 

(36) 

where 

(37) 

Note that the thermal boundary layer for this case is 
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assumed to grow at the same rate as the thermal boundary 

layer in the previous case. This is a reasonable assumption 

since the same diffusion mechanism is at work in both cases. 

The energy equation is expressed in terms of the similarity 

variables as 

(38) 

The boundary conditions are 

I 

Gz(O) = 0 (39a) 

(39b) 

The temperature profiles for this case are shown in Fig. 14. 

The values of the similarity functions are tabulated in 

Appendix D. 

2.8 Heat Transfer 

Using the solutions of the energy equation in the 

stagnation and wall jet regions, the local heat transfer 

coefficient is determined in each region. Since the energy 

equation is linear, the solutions for the F = o and r = 1 

cases can be linearly superposed. Thus, the heat transfer 

coefficient can be determined for any value of the entrain-

ment factor, and the correlation for the heat transfer 

coefficient contains the entrainment factor as a parameter. 
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The heat transfer coefficient for both regions is based on 

the difference between the plate temperature and the initial 

temperature of the jet. A Nusselt number is then formed 

using the effective slot width as the length scale. The 

Nusselt number will be a function of the Reynolds number 

based on quantities at the slot opening. Thus, the Nusselt 

number is a function of the conditions at the slot opening 

which are easily determined. 

2.8. 1 Stagnation Region Heat Transfer 

The temperature distributions for the two limiting 

cases of the entrainment factor are superposed as follows. 

First, the dimensionless temperature profiles are trans-

formed to the cormnon denominator Ti - Tw using the entrain-

ment factor. 

f = 
T. - T 1. 00 

T. - T 
1. w 

Tsz - T::u 
T. - T 1. x 
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Thus, when F = 0, Ti = T00 , and the correct relation for ! 51 

is obtained. 'When F = 1, T00 = Tw, and the correct relation 

for f 52 is obtained. Now the two di~ensionless temperature 

profiles can be added to obtain 

= 

(40) 

Using the series representations for r 51 and ! 52 , the final 

form of the stagnation region temperature distribution is 

presented below for convenience. 

Bz 2 r5 = { rr0 (-v) + s:- r2 (y) x 1 o 
1 

F) + 

[BOFA(y) + s; FB(y) X2 JF~ (Ti - Tw) + (41) 

The local heat transfer coefficient in the stagnation 

region, h5 , is defined as 

(42) 
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where K is the thermal conductivity of the fluid. The 

temperature gradient at the wall is 

Y2 = 0 

+ [BoF~(O) + B~F~(y) x2 1 r} J~1 (Ti - Tw). (43) 

The local heat transfer coefficient is now 

(44) 

From the solution of the momentum and energy equations in 

the stagnation region 

VO JDQ Bz = -34.5 :--"J O-
h 

, cs joO 
B2 = -4.8 h2 ~ , 

I 

F0(0) = 0.496, 
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I 

F2(0) = 0.448 

I 

FA(O) = 0.496, 

I 

FB(O) = 0.400 . 

Now, substituting the above relations into the equation for 

the heat transfer coefficient, 

l-:,; = 1.64 K j~ j';ji. '[l - 2.89 (~) 2 J (1 - F) 

(45) 

The Nusselt number is then, 

3 

Nu s 
h 5b0 = b 0 4 x 2 

= 1. 64 ire <n-) { r 1 - 2. 89 <n) 1 <1 - n 
K 

where 

Re = 

+ C~ JDQ [l - 3.86 (~) 2 J f! 
) h 

--v 

(46) 

An additional factor must be considered in the cor-

relation for the stagnation region ~·~usselt number. The 
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turbulence initially present in the free jet at the slot 

opening and the turbulence generated as the free jet flows 

toward the impingement plate is carried into the stagnation 

region. This turbulence increases the heat transfer over 

that predicted by the laminar analysis. Several authors 

have experimentally investigated the effect of turbulence on 

the heat transfer in the stagnation region (38,39,40,41). 

The effect of turbulence generated by the free jet increases 

with increasing Reynolds number and dimensionless impinge-

raent height, &: However, the turbulence initially present 
0 

at the slot opening depends on the turbulence upstream of 

the slot opening and the manufacture of the slot itself. 

Thus, investigators have had little success in modeling the 

effect of turbulence analytically. To account for the 

effect of turbulence on the stagnation region heat transfer, 

an additional experimentally determined parameter, c6 , is 

used. The final form of the Nusselt number correlation in 

the stagnation region is then: 

3 
b 4 2 

Nus = 1. 64 c6 /Re cn2-) dl - 2.89 (*) l (1 - F") 

J50 2 
+ c5 n- [l - 3.86 (~) l t} (47) 

valid for~< 0.34. 
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2.8.2 Wall Jet Region Heat Transfer 

The evaluation of the heat transfer in the wall jet 

region proceeds in a similar fashion as the evaluation of 

the stagnation region heat transfer. First the two tern-

perature distributions must be superposed. 

fwl (1 - F) = 

Adding, 

T . 
WJ 

- T w 
T. - T 

l. w 

(Twl - Tw) + (Tw2 - Tw) 
Ti - Tw 

Now, the final form of the wall jet region temperature 

distribution is 

(48) 
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(49) 

The local heat transfer coefficient must be defined using 

the eddy diffusivity for heat. 

or 

h . = WJ 

h . WJ 

The temperature gradient at the wall is 

aT . · 

(50) 

(51) 

~ ! Yz 
r 11 B JDQ = 0 = {Gz(C) (1 - n + H (0) rz- Cs r F} 

(52) 

Thus, the heat transfer coefficient is 

h . WJ 
Pr K- B jo:-o B jo:-o " = C K V [C 0 ~ H (0) F + 7 ·w 0 -v- f2" X u E2 x 

I 

G 2 ( 0 ) ( 1 - F) J • (53) 
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The Nusselt number in the wall jet region is 

nu . 
WJ 

h .b0 = WJ 
K 

c ~ joO H11 (O) Fl 
8 t.2 x 

Now, substituting in the values for 

Kw= 0.00407, 

B -E - 0.67, 
2 

Pr= 0.7, 

II 

H (0) = 6.60, 

I 

G2 (0) = 0.911, 

Nu . 
WJ 

JDQ 
= 0.00174 c7 Re X-- ((1 - ?) 

JD() 
+ 4.85 c8 X F'"J 

x valid for ~ > 0.34. n 

(54) 

(55) 



III. EXPERIMENTAL PROGRAM 

The experimental program was conducted to: 

1. Determine the values of the parameters in the 

theoretical model using the ~easured heat transfer 

rates to single jets. 

2. Compare the analytically determined heat transfer 

rates to the measured heat transfer rates for 

single jets. 

3. Compare the analytically determined heat transfer 

rates to the measured heat transfer rates for 

nultiple jets. 

4. Examine the temperature distribution in the re-

circulation region. 

5. Look for evidence of jet interaction. 

3.1 Apparatus 

3.1.1 The Flow System and Orifices 

Figure 15 shows the basic apparatus. The air flow from 

the blower was controlled by a simple blocking plate. The 

flow then entered the plenum, passed through screens and 

flow straighteners (0.6 cm diameter by 19 cm long plastic 

drinking straws), and left the plenum through the orifice. 

The exit velocity of the jet was determined from the 

50 
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pressure drop across the orifice plate measured with a water 

manometer. No measureable velocity fluctuations were 

observed during a test. The initial temperature of the jet 

was measured with a fine wire thermocouple just upstream of 

the orifice. The orifice and plenum assembly were held 

above the plate with Plexiglas spacers. The jet flow from 

the orifice then impinged on a heated plate assembly which 

was mounted in a four-sided enclosure. The side walls of 

the enclosure helped to ensure the two-dimensionality of the 

flow. 

The four-sided enclosure was fitted with removable 

ends. The ends were perforated to allow the flow to escape 

with a negligible pressure drop across the ends. \ft1en the 

entrainment factor was to be zero the ends were left off. 

When the entrainment factor was to be greater than zero the 

ends were attached and the side heaters were turned on to 

increase the temperature in the enclosure above that of the 

jet. 

The orifice plates were constructed from 1.6 rmn alu-

~inurn sheet. The slots were milled to produce a clean edge. 

Four single slot orifice plates were machined with slots 3, 

5, 10, and 15 rmn wide by approximately 170 mm long. One jet 

array was constructed by adding two identical slots 99 rmn on 

either side of the 3 mm single slot. 7he discharge co-

efficient of each orifice was measured by the ~ethod de-

scribed in Appendix C. 
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3.1.2 Plate Assembly and Heat Flux Gage 

The plate assembly is shown in Fig. 16. The plate was 

a 15 by 36 cm piece of 12.7 mm thick aluminum. Lateral 

variations in the plate temperature were measured with 

thermocouples located 7.6 cm and 15.7 cm from the center 

along the length of the plate and 2.5 cm from the center 

along the width of the plate. Details of the thermocouple 

construction are shown in Fig. 16. The thermocouple as-

semblies were coated with a thermal grease and press-fitted 

into the plate. During a test, the maximum lateral tem-

perature variation was less than 3 C. The surface temper-

ature was measured with a thermocouple mounted on the heat 

flux gage 0.13 mm from the surface. During a test, the 

surface temperature at the gage varied less than 1 C. 

The heat flux gage is shown schematically in fig. 17. 

This type of gage is commonly called a Gardon gage after the 

developer Robert Gardon (42,43). This gage is well suited 

to the measurement of jet impingement heat transfer. Its 

small size (3 mm diameter) allows the measurement of local 

heat fluxes. The gage was mounted in the plate flush with 

the surface so the plate surface was not disturbed. The 

time constant of the gage is less than 0.1 s, so the heat 

flux distribution could be measured quickly. In addition 

the high heat fluxes obtained with impinging jets are well 

within the limits of the gage's capability. The gage's 



Heat Flux Gage \ 

Pressure Tap \ \ 

3 mm Brass Rod 

Solder 

Thermocounle . . 
Wire 

Insulation 

Figure 16. Plate Assembly. 

Detail of 
Thermocouple U1 

.f:'-



55 

--------------T. 1. 

"'-----T p 

Thermocouple 

Constantan Disc 

Copper Heat Sink 
Body 

Threaded Body 

Copper Wires 
Output From Gage 

Thermocouple Leads 

Figure 17. Heat Flux Gage. 



56 

view of the side heaters is obstructed by the orifice 

plate, so the gage is shielded from radiative heat transfer 

from the side heaters. 

The gage consists of a thin constantan disc joined to a 

tubular copper body. Heat flux from the gage surface causes 

heat to flow radially in the disc, and radial temperature 

gradients exist between the center and the edge of the disc. 

This temperature difference is sensed by the copper con-

stantan thermocouple junction at the disc center and the 

junction created where the disc and copper body are joined. 

The assembly is potted in a larger threaded body to isolate 

the back side of the disc from convection and allow easy 

mounting. The gage body was coated with a thermal grease 

and screwed into the plate which was machined to produce a 

tight fit. 

The gage used in this reasearch was manufactured by 

Medtherm Corp., Huntsville, Alabama. The gage was cali-

brated by the manufacturer using a radiative heat flux. The 

manufacturer's calibration was corrected to account for the 

differences in the surface temperature distribution for 

convective and radiative heat transfer. Although the tem-

perature difference between the center temperature and edge 

temperature was small (<4 C), the effect of the gage tem-

perature distribution on the growth of the thermal boundary 

layer was also considered. The effect of both of these 

factors on the gage calibration is examined in Appendix B. 
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In addition to the thermocouples and the heat flux 

gage, the plate was fitted with a surface pressure tap. The 

pressure tap was simply a hole in the plate 2 rmn in dia-

meter. The pressure at the plate surface was measured with 

a water micromanometer. The pressure measurements were done 

to examine the differences between the pressure distri-

butions for single and multiple jets. These differences in 

the pressure distributions for the single and multiple jets 

will give an indication of the significance of jet inter-

action. In addition, the measured pressure distributions 

will be used to verify the width of the stagnation region 

used in the analytical model. 

The plate was heated from the bottom with a silicone 

rubber mat heater. The plate temperature was controlled 

with a Variac. The plate and heater assembly was insulated 

on the sides and bottom with 1.3 cm of foam insulation and 

then mounted in a Plexiglas tray. 

A thermocouple probe was mounted on the plate assembly 

so that the probe could easily be positioned anywhere be-

tween the plate and the orifice. The probe was used to 

measure the temperature of the environment inside the en-

closure and the temperature distribution in the recircu-

lation region. The plate assembly and thermocouple probe 

were mounted on a slider so that they could be traversed 

across the flow field by means of a screw drive. 
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3.2 Data Collection and Experimental Procedure 

The slider mechanism was equipped with a resistance 

strip so that the plate position could be electrically 

sensed. A DC voltage was applied across the resistance 

strip and the output signal was connected to one side of an 

X-Y recorder. The output from the heat flux gage was am-

plified and connected to the other side of the X-Y recorder. 

Thus, as the plate was traversed across the flow a profile 

of the heat flux from the surface was obtained. 

For single jets, the temperature of the environment 

varied less than 1 C throughout the enclosure. Thus, the 

temperature in the environment was monitored with the thermo-

couple probe, and an estimated average was recorded. For 

multiple jets, the temperature distribution in the recircu-

lation region was examined by using the X-Y recorder to 

record the temperature profiles at several distances between 

the plate and the orifice. Midway between the plate and the 

orifice, the temperature distribution was nearly uniform 

with temperature fluctuations of less than 1 C. Therefore, 

the temperature in the recirculation region was monitored 

midway between the plate and the orifice, and an estimated 

average was recorded as for the single jets. The plate 

surface temperature was recorded as the gage passed the 

stagnation point. The initial temperature of the jet was 

also recorded. All temperature measurements, except those 
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made with the X-Y recorder, were made with the use of a 

digital thermocouple reader calibrated to+ 0.1 C. In 

addition to the heat flux and temp.erature measurements, the 

pressure drop across the orifice, the orifice width, and the 

distance· between the orifice and impingement plate were 

recorded for each test. 

Pressure distributions were obtained for single and 

multiple jets at several impingement heights by taking 

discrete measurements as the plate was traversed across the 

flow. The data are tabulated in Tables 5 and 6 in Appendix 

E. 

The heat flux data for the single jets was used to 

determine the values of the parameters in the analytical 

model and to examine the accuracy of the model. The data 

collection scheme for the single jets was as follows: 

1. To determine the effect of turbulence on the 

stagnation region heat transfer, c6 , and the wall 

jet velocity decay, c7 , heat transfer data were 

collected for the four single slots at various 

Reynolds numbers and impingement heights with F = 
0. 

2. To determine the constant in the expression for 

the free jet thermal potential core length, C5, 

and the wall jet temperature decay, Cg, heat 

transfer data were.collected for the four single 
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slots at various Reynolds numbers and impingement 

heights with 0 < F < 1. 

Heat flux data were then collected for the jet array at 

various Reynolds numbers and impingement heights. The heat 

flux data from the X-Y recorder plots were converted into 

discrete data by picking data off the plots at various 

points. The measured.heat fluxes were converted into heat 

transfer coefficients using the difference between the plate 

temperature and the initial temperature of the jet. The 

heat transfer coefficients were then corrected by the method 

given in Appendix B and used to form a Nusselt number with 

the effective slot width and the thermal conductivity of 

air. The discrete experimental data for the Nusselt number 

for single and multiple jets is presented in Tables 7 

through 21 in Appendix E. 



IV RESULTS 

To show the significance of entrainment on the heat 

transfer to impinging jets, the heat transfer to a single 

jet at a constant Reynolds number and impingement height was 

measured for several values of the entrainment factor. An 

example of the significance of the entrainment factor is 

shown in Fig. 18. Examination of Fig. 18 shows that en-

trainment can have a significant effect on the heat transfer 

at the stagnation point and that the significance of en-

trainment increases as the jet spreads out into the wall jet 

region and entrains more fluid. The next two sections will 

treat the details of the stagnation region and wall jet 

region heat transfer separately. Finally, the analysis is 

extended to the results of the multiple jet heat transfer. 

4.1 Stagnation Region 

Two parameters in the analytical model were left to be 

determined experimentally to fit the heat transfer data: 
' the effect of turbulence on the stagnation region heat 

transfer, c6 , and the constant in the relation for the free 

jet thermal potential core length, c5 . Values of c6 were 

obtained by evaluating the heat transfer at the stagnation 

point when f = 0. The values of c6 obtained are presented 

in Figs. 38 through 41 in Appendix A. c6 is a function of 

61 
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the dimensionless impingement height, h/b0 , and the Reynolds 

number as expected. c6 is also a function of the slot width 

with c6 increasing as the slot width increases. Several 

investigators have found a similar dependence of the stag-

nation region heat transfer on slot width (16,17,38). The 

dependence of c6 on slot width is usually attributed to the 

differences in the initial turbulence of jets issuing from 

different slots. Since the initial turbulence levels in the 

jet were not measured, attempts to correlate c6 with slot 

width, Reynolds number and impingement height were unsuc-

cessful. Therefore, c6 must be read from the figures for 

each individual case. The dependence of c6 on Reynolds 

number is small for the range of Reynolds numbers considered 

for each slot. Thus, an average value of c6 which depends 

only on slot width and impingement height was used to cor-

relate the data. Values of c6 ranged from 1.2 for the 

narrowest slot and the shortest impingement height up to 2.S 

for the largest slot and the largest impingement height. 

The values of c6 determined from the heat transfer data were 

repeatable to within 10 percent. 

Experimental values of Cs are shown in Fig. 42 in 

Appendix A. The values of Cs were obtained by evaluating 

the heat transfer at the stagnation point when r > 0. CS is 

independent of slot width, Reynolds number, and impingement 

height. This indicates that the similarity of the free jet 
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profiles is indeed good. A mean value of CS = 2.13 (o ~ 

0.60) was obtained. The thermal potential core length is 

which gives a potential core length of 4.S slot widths. 

Thus, the thermal potential core length is indeed slightly 

smaller than the velocity potential core length, which is 

approximately 6 slot widths, and this value is reasonable. 

The relatively large standard deviation in the data for Cs, 

o = 28 percent of the mean, is largely due to the fact that 

the value determined for CS depends on the value of c6 read 

from the figures. Thus, Cs contains the cumulative devi-

ations from two separate sets of data. 

The final expression for the stagnation region Nusselt 

number is now 

x 2 
2. 89(11) 1 <1 - r) 

j~ + 2.13 n (S6) 

x which is valid for n < 0.34. 

The agreement between the above correlation for the 

Nusselt number and the experimental data is shown in Figs. 

19 through 23. Figure 19 shows the agreement when F = 0. 

Note that a large amount of data can be shown because the 
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dimensionless impingement height can be combined with the 

Nusselt and Reynolds numbers, and the data from tests at any 

impingement height can be presented on a single curve. 

Figures 20 and 21 show the agreement at intermediate values 

of F. Here the dimensionless impingement height cannot be 

combined with the Nusselt and Reynolds numbers because of 

the additional h/bo term in Eq. 56 when F; 0. Thus, only 

the data from tests with equal F and h/b0 can be shown on a 

single curve. Figures 22 and 23 show the agreement when F = 

1. Again only the tests with equal values of h/b0 can be 

shown on a single curve. 

Figure 24 shows a comparison of some of the experi-

mentally determined stagnation point Nusselt numbers for F = 
0 obtained in this study with those of other investigators. 

Only the data from the 15 mm and 3 mm slots is shown. 

Because of the dependence of turbulence in the stagnation 

region on slot width, the data from the 3 mm and 15 mm slots 

represents the high and low data for the heat transfer. The 

data for the 10 rmn and 5 mm slots will lie in between. This 

variation of the heat transfer with slot width is in agree-

ment with the data of Cadek (17), the only investigator to 

consistently report the variation of Nusselt number with jet 

width for two-dimensional jets. Note that Nu50/I~ peaks 

near h/b0 = 8. This peak has been attributed to the inter-

action between the effect of turbulence on the heat transfer 
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which increases with h/b0 and the decrease in heat transfer 

due to the diminished arrival velocity as h/b0 increases 

(16). 

4.2 Wall Jet Region 

As in the stagnation region, two parameters in the 

analytical correlation for the wall jet heat transfer were 

left to be determined experimentally: the wall jet velocity 

decay, c7 , and the wall jet temperature decay, c8 . In the 

development of the wall jet analysis, the value of the 

constant, Kw, in the eddy diffusivity model for momentum was 

adjusted to produce a reasonable value of c7 . Actually, the 

value determined for c7 differed for each different slot 

width. Thus, ~was adjusted to produce values of c7 which 

were centered around the value of 3.5 suggested by Raja-

ratnam (21). Possible reasons for the dependence of c7 on 

slot width are examined in the discussion section. 

The experimentally determined values of c7 are pre-

sented in Figs. 43 through 46 in Appendix A. c7 is mainly a 

function of slot width but may also be a function of Rey-

nolds number, impingement height, and distance from the 
. . x stagnation point, O"::"· 

0 
The 

number, impingement height, 

relationship of c7 to Reynolds 

and~ is not clear however, and 
0 

a mean value of c7 is used for each different slot width. 

The mean values of c7 increase with increasing slot width 
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from 2.28 for the narrowest slot to 4.06 for the widest 

slot. 

The value obtained for the wall jet temperature, Ca, 
depends on the eddy diffusivity model for heat used. Since 

the eddy dif fusivities for heat and momentum were related 

with the Reynolds analogy, the value of Ca could not be 

adjusted. Like the wall jet velocity decay, the value of 

the temperature decay turns out to be a function of the slot 

width. However, the values of Ca obtained show the opposite 

trend from the values of c7 with Ca decreasing with in-

creasing slot width from O.saa for the narrowest slot to 

0.236 for the widest slot. In addition to the different 

relationship with slot width, it should also be noted that 

the values for Ca are not physically realistic. Ca should 

be slightly smaller than c7 as the temperature decay will be 

smaller than the velocity decay but not to the extent that 

the values obtained indicate. Values for the wall jet 

temperature decay, c8 , are presented in Figs. 47 through 50 

in Appendix A. The values of Ca are mainly a function of 

slot width; however, Ca may also be a function of Reynolds 

number, impingement height, and ~ like the values of c7 . 
0 

The values obtained for c7 and Ca are summarized in 

Table 1. The standard deviations of the data are also 

shown. For c7 , the standard deviations of the data are all 

less than 17 percent of the mean. For Ca, the standard 
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Slot Width 15nnn lOrnrn 5rnrn 
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0.248 0.304 0.536 cr 

x 0.236 0.294 0.346 
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0.659 

0.581 
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deviations of the data are all less than 40 percent of the 

mean. The relatively poor agreement of the values for Ca is 

due, in part, to the fact that the values determined for Ca 
depend on the values of c7 . Thus, the determination of Ca 
involves the cumulative errors from two sets of data as did 

the determination of c5 in the stagnation region correla-

tion. In addition, the possible dependence of c7 and Ca on 

Reynolds number, impingement height, and ~may add to the 
0 

deviation. 

The wall jet region Nusselt number is 

'0: 
Nuwj = 0.00174 c7 Re J-x.9- [(l - F) + 

10: 
4.a5 Ca Ji2- FJ (57) 

x valid for n > 0.34. If the values of c7 and Ca from Table 1 

are used, a different correlation for each different slot 

will result. The agreement between the wall jet Nusselt 

number correlations for the individual slots and the experi-

mental data is shown in Figs. 25 through 30. The stagnation 

region data and correlation is also shown. Figures 25 and 

26 show the agreement when F = 0. Figures 27 and 28 show 

the agreement for intermediate values of F, and Figs. 29 and 

30 show the agreement when F = 1. Note that for large 

values of r the curves for the stagnation and wall jet 

region Nusselt number correlations may not intersect. 
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Jbo = 0.00614 Re X- [(l - F) 

jEQ + 1. 77 X- F (58) 

This correlation may be used for design purposes where the 

actual values of c7 and c8 may not be known; however, the 

single correlation will not be as accurate as the individual 

correlations for each slot. The accuracy of the stagnation -

and wall jet region correlations is examined in the dis-

ctission section. 

4.3 Multiple Jet Results 

Any significant jet interaction between the free jets 

in a~ array of impinging jets will result in a difference 

between the pressure distributions on the impingement plate 

for a single jet and an array of jets. Pressure. distri-

butions were measured for single and multiple jets at the 

same Reynolds number for two different dimensionless im-

pingement heights. Figure 31 shows the pressur.e distri-

butions when h/b0 = 13. At this dimensionless impingement 

height, the differences in pressure distributions in the 

stagnation regions are insignificant. The pressure dis-

tributions outside the stagnation region are different, but 
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this is a result of the interaction between the wall jets 

rather than the free jets. Figure 32 shows the pressure 

distributions for single and multiple jets when h/bo = 25. 

At this large impingement height, the free jet interaction 

significantly reduces the arrival velocity of the jet. 

Therefore, the pressure on the impingement plate is reduced. 

The majority of the jet array heat transfer results pre-

sented here are for dimensionless impingement heights well 

below 25. Thus, jet interaction will not be a significant 

factor. 

The analytically determined width of the stagnation 

region is also shown in Figs. 31 and 32. Note the good 

correlation to the point where the pressure gradient on the 

impingement plate goes to zero. When the pressure gradient 

is zero, the free stream velocity in the stagnation region 

will have reached a maximum. Since the width of the stag-

nation region was defined as the point where the free stream 

velocity reaches a maximum, the analytical model does ac-

curately predict the width of the stagnation region. 

The temperature distribution in the recirculation 

region is shown in Fig. 33. ~-Iote the peak in the temper-

ature distribution between the jets and near the plate. The 

adjacent wall jets collide and the boundary layer separates 

from the plate carrying the fluid from the boundary layer 

out into the recirculation region. Because of the high 



80 

50 

40 

,.-,. 
0 "" N I \ ::i::: 

~ 30 I \ ...._,, 
\/Multiple slots Q) 

.µ 
ct! 

..--! I \ P-l Single slot .µ 

I \ 
i::: 20 Re = 774,0 Q) 

13 
Q) -

\ 
t.() 

I i::: 
·r-1 

~ I \ H 
10 

i::: I \ 0 
Q) 

I \ H 
~ 
U) 

I U) 

I \ Q) 
H 0 I P-l 

/ \ I 
r- ·'· --1 2x" 

-lOL-~~~----1~~~~---l~~~~--i..~~~~---

-l.0 .:.o.5 0.0 0.5 1.0 
X/h 

Figure 32. Pressure Distribution on Impingement Plate when 
h/b0 = 25. 



L Jets ------::d L c..._ 

_J_ 
Center Jet 1°C 

T 
25 nun from plate 

00 
t-' 

h = 53 mm 
r = o .16 
Tw = 44.0 c 
T. = 23.7 C 

1 
6 mm from plate 

Figure 33. Temperature Distribution in Recirculation Region. 



82 

degree of mixing in the recirculation region, the peak 

diminishes further away from the isothermal plate, and the 

temperature distribution becomes uniform near the orifice 

plate. Thus, the assumption of a uniform temperature in the 

recirculation region used in the analytical model is well 

founded. 

The agreement between the experimental data for the 

Nusselt number and the analytical correlations for two tests 

with multiple jets at h/b0 = 8.5 and different values of the 

Reynolds number and entrainment factor is shown in Figs. 34 

and 35. Note that the agreement is as good as for single 

jets. In fact, if the experimentally determined Nusselt 

numbers for a single jet and multiple jets at the same 

values of the dimensionless impingement height, Reynolds 

number, and entrainment factor are compared, as in Fig. 36, 

there is little difference in the Nusselt number distri-

butions for single and multiple jets. 

Figure 37 shows the agreement between the measured and 

predicted Nusselt numbers at the stagnation point. Note 

that the agreement is good even up to h/b0 = 25, which is 

further proof that jet interaction is not significant even 

at large impingement heights. 
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V. DISCUSSION 

The agreement between the stagnation region Nusselt 

number correlation and the data depends on how well the 

effect of turbulence in the free jet on the heat transfer, 

c6 , is predicted. To determine the effect of turbulence on 

the stagnation point heat transfer Hoogendoorn (39) measured 

turbulence levels in the free jet using a hot wire. Hoogen-

doorn developed a correlation for the stagnation region 

Nusselt number which contains the turbulence level measured 

at the centerline of the free jet in the impingement plane 

as a parameter. Gardon (38), Kataoka (40) and Yokobori (41) 

have also noted the significance that turbulence in the free 

jet has on the stagnation point heat transfer. However, 

none of the investigators have successfully correlated c6 
with slot width, Reynolds number and impingement height. 

Based on the experimental correlation for c6 shown in 

Figs. 38 through 41, which gives c6 as a function of slot· 

width and impingement height, the Nusselt number correlation 

fits one standard deviation of the data to within 15 percent 

when F = 0 and within 50 percent when F = 1 over the entire 

stagnation region. Gardon (16) and Saad (15) correlated 

their data for slot jet heat transfer at the stagnation 

point when F = 0 to within 5 percent and 8 percent, re-

spectively. If only the heat transfer at the stagnation 

point is required, the Nusselt number correlation fits all 
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the data to within 10 percent when F = 0. Figure 19 il-

lustrates this point. The agreement is the best at the 

stagnation point, and the agreement is the worst near the 

end of the stagnation region. Very few correlations for the 

heat transfer over the entire stagnation region exist, and 

their agreement with the data is not well reported. The 

stagnation region heat transfer data for r > 0 presented in 

Figs. 20 through 23 show a dependence on Reynolds number 

not predicted by the analysis. The additional dependence 

on Reynolds number is most likely due to the dependence of 

the effect of turbulence on the stagnation region heat 

transfer, c6 , on Reynolds number. As mentioned in the 

results section, the dependence of c6 on Reynolds number 

was not taken into account in the correlation. To obtain 

values of the entrainment factor near one, the difference 

between the plate temperature and the initial temperature 

of the jet had to be kept small (< 10 C). At higher tem-

perature differences, heat losses through the sides of the 

enclosure made it impossible to obtain values of r near one. 

The smaller heat fluxes resulting from the smaller temper-

ature differences were harder to accurately measure than 

those for F near 0 adding to the larger deviations of the 

data from the correlation when r = 1. 

The difficulty of accurately predicting the turbulence 

in the wall jet resulted in apparently unreasonable values 
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for the temperature decay. Table 1 gives the values of the 

wall jet velocity and temperature decays determined. The 

constant in the eddy diffusivity model was adjusted to 

produce values of the velocity decay which were comparable 

to those presented in the literature. However, this re-

sulted in values for the temperature decay which appeared to 

be too low. Although no measurements of the temperature 

decay have been presented for plane wall jets, it is reason-

able to assume that the wall jet velocity and temperature 

decays are related in a similar proportion as the wall jet 

velocity and temperature width scales. Sfeir (23) found 

this relationship to be true for a two-dimensional free jet. 

Thus, the wall jet velocity and temperature decays are 

related to the wall jet velocity and temperature width 

scales as 

CB - B -c; = !:- = 0.67, or c8 2.3. 
7 2 

Launder (37) examines the difficulty of using a more 

complicated two-constant eddy diffusivity model to predict 

both the velocity profiles and the velocity decay. Thus, 

the difficulty of using a simple one-constant eddy dif-

fusivity model to predict both the velocity and temperature 

decays is not unexpected. The one constant eddy diffusivity 

model, however, had not been previously used to predict the 

temperature decay. In addition to the problems with the 
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simple eddy diffusivity model used, the dependence of the 

velocity and temperature decay on slot width and the pos-

sible dependence on Reynolds number, impingement height, and 

distance from the stagnation point, ~ , may indicate that 
0 

the wall jet velocity and temperature profiles are not 

actually similar. Poreh (36) noted a slight dependence of 

the velocity profiles on Reynolds number for a radial wall 

jet formed by an impinging jet. Schwarz (30) found that for 

a plane wall jet the velocity should decay as x-O.SS rather 

than the x-O.SO used in the similarity analysis. This may 

explain the dependence of the velocity decay on ~ In 
0 

short, a more complex model for the eddy diffusivity is 

needed; however, a more complex eddy diffusivity model would 

make a similarity solution impossible. 

In spite of the problems with the simple model used, 

the correlations for the wall jet region Nusselt number are 

still useful. The individual correlations for each slot fit 

one standard deviation of the data to within 17 percent when 

F = 0 and within 50 percent when r = 1. The difference in 

the agreement for F = 0 and F ::::: 1 can be clearly seen by 

comparing Figs. 25 and 29. When F ::::: 1 the agreement is the 

worst at the beginning of the wall jet region. The be-

ginning of the wall jet region is really a transition region 

where the wall jet has not yet become fully developed. In 

addition, for large r the curve for the stagnation and wall 
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jet regions may not intersect. Cadek (17), who used in-

tegral solutions in the stagnation and wall jet regions, 

also had difficulty matching the stagnation and wall jet 

region solutions because of the influence of the transition 

region. 

The single correlation which correlates the wall jet 

region Nusselt number data from all the slots fits one 

standard deviation of the data to within 21 percent when 

F = 0 and 77 percent when F = 1. Martin (20) gives a 

correlation for the wall jet region which fits the data of 

Gardon (16) and Karger (13), for wall jets with r = 0, 

within 20 percent. 

The single jet model successfully predicted the heat 

transfer to jet arrays. Figure 36 shows that there are no 

significant differences between single and multiple jet heat 

transfer when the effect of entrainment is considered. 

Thus, the correlations will predict the multiple jet heat 

transfer as accurately as the single jet. The multiple jet 

results were only for jets at a single jet to jet spacing 

(2 percent open area). For more closely spaced jets, the 

effect of jet interaction may be important in addition to 

the effect of entrainment. 

To use the correlations for analysis of jet arrays, the 

value of the entrainment factor must be known. The value of 

the entrainment factor can be estimated using a simple 
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energy balance which is shown in Appendix F. Values of the 

entrainment factor calculated by this method were found to 

be within 20 percent of the measured values. The measured 

values of the entrainment factor were consistently lower 

than the calculated values. This may be due to heat losses 

through the sides of the Plexiglas enclosure. In addition, 

because the array had only three jets, end effects from the 

two outside jets may have affected the temperature in the 

recirculation region. 



VI. CONCLUSIONS AND RECOMMENDATIONS 

The analysis prov.ided correlations for the stagnation 

and wall jet regi9ns which account for the effect of en-
Y, 

trainment on plane jet heat transfer.· Entrainment proved to 

be a major factor in the difference between single and 

multiple jet heat transfer. The correlations were suc-

cessful in modeling both single and multiple jet heat trans-

fer. 

Several recommendations can be made concerning further 

study on jet impingement heat transfer. 

1. A more complex model for the wall jet region 

should be employed as the similarity analysis used 

could not predict both the velocity and temper-

ature profiles accurately. 

2. Data on the temperature distributions in the wall 

jet region is not well documented, and further 

study of the wall jet temperature profiles is 

needed .. 

3. The effect of th~ initial turbulence in the free 

jet on the stagnation region heat transfer needs 

to be further examined. 
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APPENDIX A 

Values of Experimentally Determined Coefficients 

For Heat Transfer Correlations 

The experimentally determined parameters for the effect 

of turbulence on the stagnation region heat transfer, c6 , 

the wall jet velocity decay, c7 , the free jet potential core 

length, c5 , and the wall jet temperature decay, c8 , are 

presented in rigs. 38 through 50. 
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APPENDIX B 

Heat Flux Gage Correction 

The heat flux obtained from the gage reading must be 

corrected to account for two effects: 

1. Nonuniform heat flux across the gage. 

2. Disturbance of thermal boundary layer growth due 

to the nonisothermal gage surface. 

The effect of nonuniform heat flux arises because the 

gage is calibrated under uniform heat flux. During cali-

bration the uniform heat flux applied is radiative, and the 

gage is shielded from convective heat transfer. Because of 

the small area of the gage, the heat flux is better approx-

imated by the assumption of a constant heat transfer co-

efficient for a convective heat transfer situation. This 

situation is shown in Fig. 51. 

Because the disc is thin (t/R = 0.005), the heat flux 

in the disc will be radial. With the assumptions of radial 

heat flux in the disc and constant heat transfer coef fi-

cient, the temperature distribution can be found in terms of 

a Bessel series. The differential equation describing this 

situation is 

1 9 6L G 

(59) 
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where, 

With the boundary conditions 

at r de = o, ar = o, C60a) · 

at r = R, e = 1. C60b) 

The solution of Eq. 59 with boundary conditions 60a and 

60b is 

C61) 

· Thus, the average heat flux across the disc area is 

h CT - T ) R . c w ()() 

! 82Tirdr, C62) qact = 
TIR2 0 

In order to evaluate Eq. 62, the temperature distribution 

is approximated by using the first two terms of the Bessel 

series. 

I 0 Cr) = 1 + ~ + 
G G 

C63) 

Since ·; is small CE._ uG oG < 0.8, 0 < r < R), the Bessel series 

converges quickly and the error introduced by this approxi-

mation is small. Thus, 
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1 + 
e = (64) 

1 + 

Substituting Eq. 64 into Eq. 62, Eq. 62 can be integrated to 

obtain 

• 
qact = hr-C___,.,( T--W-_---T.-ooT"") (65) 

where A = R/5G. The gage output volume is linearly pro-

portional to the temperature difference between the center 

and the edge of the disc. 

(66) 

Or, using the first two terms of the Bessel series to approx-

imate the temperature difference, 

(67) 

Combining Eq. 65 and 67, 

E --- (68) 

Since the gage is calibrated in the absence of con-

vective heat transfer, he = 0 and A = 0. Thus, 

K R2 
_E_ = 2 ~ (69) • 4Kct = ..1.. 

qcal 
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where f is the constant obtained from the gage calibration 

curve. Using Eqs. 68 and 69, the ratio of the actual heat 

flux to the calibrated heat flux is 

2 
= 1 + :\ 8 

By definition, 

h (T m w 

(70) 

- T ) co (71) 

where hm is the measured heat transfer coefficient. Com-

bining Eqs. 65 and 71, the ratio of the actual to the cali-

brated heat flux can also be written as 

(72) 

Equating Eqs. 70 and 72, the final correction due to the 

nonuniform heat flux is 

1 (73) 

Thus, the actual heat flux is greater than the measured heat 

flux. 

The effect of the nonisothermal gage on the development 

of the thermal boundary layer has been investigated ana-

lytically by Woodruff (44). Woodruff employed the gage 



119 

temperature distribution obtained from the constant heat 

flux solution to determine the average heat transfer co-

efficient on a gage mounted some distance from the leading 

edge of a flat plate. At a large distance from the leading 

edge (X0/R >> 1), the ratio of the corrected actual heat 

transfer to the measured heat transfer is 

1 

1 + [l - 0.955 (R/X0) ~J fhm / (1 - fhrn) 
~ ~ 

(74) 

Thus, the heat transfer corrected for nonuniform heat flux 

is decreased by the factor 

1 + [l - 0.955 (R/X0) ~J fhre / (1 - fhm) 
K2 ~ 

(75) 

due to the effect of the nonisothermal gage on the. boundary 

layer. This is because the temperature disturbance in the 

boundary layer will increase the measured heat transfer over 

that from a truely isothermal surface. 

For the gage employed in this research: 

R = 0.413 mm, 

f = 2.38 x 10-5 mv 
--:-7 w/m 
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K2 = 0.42 ~ for copper-constantan thermocouples. Now 

1 (76) 

lJ h 
1 + [l - 0.955 (R/X0) 1 <1764m_ h ) 

m 
(77) 

where hm has the units of W/m2 C. 
h he 

The relation for Ff- is valid everywhere, and n-
m m 

is a maximum at the stagnation point where the heat transfer 

coefficient is greatest. The measured heat transfer co-
2 he efficients obtained are as large as 350 W/m C, and n- may 

m 
be as large as 1.25. 

hcc The relation for ~ is valid only at a distance from 

the stagnation point where the boundary layer is fully 
h 

developed. ~ varies little in the fully developed bound-
c 

ary layer and for the range of heat transfer coefficients in 
h 

this investigation the effect of ~ is less than 3 percent. 
c 

Since the effect of the nonisothermal gage on the heat 

transfer coefficent is small and not well defined in the 

stagnation and transition regions, this correction can be 

neglected. Therefore, the correction to the measured heat 

transfer coefficient is given by Eq. 76. 
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APPENDIX C 

Determination of Discharge Coefficients for Slot Orifices 

Figure 52 shows the apparatus used to determine the 

discharge coefficients. The procedure used was as follows. 

A steady flow of pure co2 gas was initiated and the volu-. 
metric flow rate, QC02 , was measured with a positive dis-

placement gas meter. The pressure, P1 , and temperature, TA, 

of the gas was measured at the gas meter inlet. The pres-

sure drop across the gas meter was negligible and the 

entering gas had already equilibrated to room temperature. 

Thus, the gas density r.emained constant as the gas flowed 

through the meter. 

The pure co2 gas was injected into the air flow just 

downstream from the blower. After passing through several 

elbows to ensure that the pure co2 was well mixed with the 

air, a small amount of the mixture was continuously sampled 

using an infra red gas analyzer to determine the mole 

fraction of co2 in the mixture, %C02 . The pressure drop 

across the orifice, ~P2 , was measured. The temperature of 

the air flowing through the orifice, TB, and the barometric 

pressure Pbar' were also recorded. 

Using this information, the discharge coefficient can 



TA,Pl 

I =1 

Flow Meter 

l :::J 

Pure co2 
co2 Analyzer 

Plenum 

- Air flow := from blower 

TB, 6P2 

Or if ice 
Plate 

Figure 52. Apparatus for Measuring Discharge Coefficients. 

t-' 
N w 
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be calculated. 

The molar flow rate of co2 injected into the flow is 

(78) 

The molar flow rate of the air and co2 mixture through the 

orifice is 

(79) 

The density of the gas flowing through the orifice can be 

found as 

Pb MW . ar mix (80) 

Since the mole fraction of co2 gas in the mixture was less 

than 0. 06, ~'!.'Wmix is nearly equal to MW air. Thus, 

Since 

· J Z2.P 2 pbar N=CA --
D R MW air 

~~co 2 = 

= C A ar j2~P 2 Pb 
D -R TBMW . air 

( 81) 

(82) 
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Solving for CD gives 

(83) 

Each of the slot orifices was tested with a variety of 

air flow rates. The pressure drop across the orifice ranged 

from 0 to 20 cm H20. No correlation between the discharge 

coefficient and air flow rate could be detected. The mea-

sured discharge coefficients for each test are presented in 

Table 2. 

The uncertainty in the determination of the discharge 

coefficient is almost entirely caused by the uncertainty in 

the determination of the mole fraction of co2 . The mole 

fraction of co2 could be determined to within +5 percent. 

Examination of the data shows that all the discharge coeffi-

cients measured lie within 5 percent of the mean. The 

standard deviation of the data is less than 5 percent of the 

mean in all cases. 



1rable 2. Discharge Coefficients for Slot· Orifices 

15 mm Slot 10 mm Slot 5 mm Slot 3 mm Slot 

A = 2. 29x10 - 3 m 2 A = 1. 77xlo-3 m 2 -'• 2 A = 8.90x10 m -4 2 A = 5.3lxlO m 

Re ( xlo-4) CD ke (xlo-4) c D He ( xl o-4) CD Re (xlO-J) CD 

1.48 0.718 1. 26 0.675 6.37 0.719 
1. 51 0.737 1. 36 o. 699 0.681 0.710 6.60 0.697 
1.56 0. 74'• 1. 36 o.688 o. 720 0.680 7. 21 o. 728 
1.66 o. 7J9 1.48 o. 705 0.856 o. 707 7.75 0.678 
1.66 0. 7411- 1.48 0.709 o.886 o.688 8.90 0.706 

1.49 0.681 1.09 0.743 8.90 0.689 

1. '•9 0.699 1.14 o.68J 9.32 0.696 
1. 50 0.685 1.14 o. 687 9.32 0.690 

1.15 0.739 9.78 0.712 
1. 20 o. 742 9.95 0.706 

9.95 0.711 
9.95 0.708 

:x = 0.736 x = 0.693 x = 0.709 x = 0.703 CJ= 0.107 CJ= 0.0171 CJ = 0. 0264 CJ = 0.0140 

t-' 
N 
()\ 
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APPENDIX D 

Computer Program 

The ordinary differential equations that arise in the 

analysis of the impinging jet are solved using a first order 

Runge -Kutta method presented by White (45). Ths simple 

WATFIV program can handle any number of simultaneous ordi-

nary differential equations. The only disadvantage of this 

program is that all the boundary conditions must be known at 

the origin. When the boundary conditions are known only at 

infinity, the boundary conditions at the origin must be 

matched by trial and error to satisfy the boundary con-

ditions at infinity. Due to the simplicity and speed of 

this program, matching the boundary conditions at the origin 

is not difficult. Comparison of the solutions obtained by 

this program to tabulated solutions of known accuracy shows 

that accuracies of better than 1 percent are obtained with 

the step sizes used here. 

The program listing for the stagnation region solution 

with F = 1 is given at the end of this section. The pro-

gram is easily modified to handle other sets of differential 

equations. 

Two of the solutions used in the analysis have not been 

presented in the literature. 
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1. The values of the functions used in the stagnation 

region energy equations when F = 1 are given in 

Table 3. 

2. The values of the similarity functions used in the 

wall jet momentum and energy equation when F = 0 

are given in Table 4. 
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Table 3. Values of Functions in the Series Representation 
for Temperature in the Stagnation Region When 
F = 1 

I I 

y FA (y) FA(y) F B (y) FB(y) 

0. 00 o.4q590 0.00000 0.40000 0.00000 
0.10 0. 49583' 0.04959 o.39984 0.04000 
0.2U 0 ·" '1535 0.09915 0.39871.;l 0.07994 
0.30 0.'19409 0.14863 o.39608 0.11970 
0.40 0.49172 0.19793 0.39111 0.15906 
0.50 0.48794 0.24693 0.38342 0.19783 
IJ.6ll 0.48252 0.29547 o.37277 0.23566 
O. Ht 0.47528 0.34337 0.35908 0.27226 
o.~o o.4bo09 o.39046 o.3a24b 0.30738 
(J. 90 0.45488 0.43b52 0 .. 32320 0.34068 
l. Oi) 0.44lb7 0.4tS137 0.30177 u.37195 
1.10 0.42b52 0.52479 0.2767b 0.40098 
1..?.0 o.40954 o.56bb1 0.25488 0.427&7 
1. 30 Oe39092 0.60bb5 0.23091 0.4519& 
1. 4(J 0.370~7 o.&4475 0.20767 0.47387 
1. 51.J 0.349b5 o.&so1s o.18594 0.49354 
l.bO o.32753 u.714b4 O.lb6£J9 o.51114 
1.70 0.30482 0.74b27 0.14999 0.52b93 
1. 8(J 0.28181 0.,77560 0. 13701 o.54125 
1. 90 o.2ssoo 0.802b3 o.1279q o.55447 2.ou o.23bOo o.82737 0.12323 o.soo99 
2.10 0.21387 0.84986 0.12290 0.5792& 
2.20 0.19243 0.87016 0.12b99 0.59172 
2.30 0.1719b o.88838 0.13541 O.b04BO 
2G40 0.15260 0.9045_9 0.14791 .O.bl894 2.5U 0 .. 13449 o.91894 O.lb41~ 0.63451 
2.60 0.11771 0.93154 0.18381 0.65188 
2.70 0.1023t 0.94253 0.20635 0.07137 2.oO 0.08830 0.95204 0.23131 0.09323 
2.~o 0.075&8 o.9o023 o.25821 0.11110 
3.00 0.06442 0.96722 0.28656 o.74492 
3 • 1 (J 0.05444 I O .. 'H31& 0.31591 0.77504 
3 .. 20 0.04570 0.97815 0.34584 0.80812 
3. 3 iJ 0.03809 o.98233 0.37b00 0.84422 
3.~u 0.03152 0.98581 0.40b05 0.88332 
3.50 0.02591 0.98867 0.43574 0.92541 3.oo 0,,02114 0.,99102 0.4b4t)8 0.97045 
!J • l 0 0 • 0 1 7 1 " 0.99292 0.49331 1.01836 



Table 4. 

n' ~ 
u • u Li u 
u • () 0 ':> 
u • l) 1 (J 
u.u1s 
0.020 
o.o~5 
0.030 
(J. 0 j5 
0. U40 
\).()~~ u. o~o 
u.O':l~ 
0. ubO 
CJ.Uc~ 
J.07U 
v.01c:i 
0. ll~U 
O.Ob5 
0.090 
0.01.f') 
o.1ou 
0.105 
u.1tu 
0.11:, 
0.120 
U.125 
0 .1 :so 
0. l 3':1 
U.140 
u.1'45 
0.15(J 
0.15~ 
U.lbO 
O.?.bO 
O.:SbO 
U.4bo 
o.seu 
O.bbO v. lbO 
0. HbiJ 
O.~bU 
1. IJbO 
1.lcO 
l.2cU 
1 • .Sb 0 
1.4~0 
l.:,bO 
l.obU 
1.7b0 
1. obu 
1. YbO 
2.0cO 
2.JhO 
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Values of the Similarity Functions for the Wall 
Jet Velocity and Temperature When ~ = 1 

II I I 

H (n) H (n) H(n) Gz ( r,) Gz(c;) 

!::>.00000 l.i. U Uv \I 0 0.00001.1 1. 3c0 O 0 o.ouoou 
o.~'i~9o u.03jvO u. 0 I) 0 (• b 1.3cUOO o.00!:'>8U 
b.S44ol o.obcoo 0.00033 1.3594~ 0.01300 
b.S9~~o u.09~00 0. ()() 0 7 4 1 • .3599'i 0.02040 
o.59S5Q U.13149 0.00132 1. 351.18'1 0.02120 
':>.')971::> o.~c'tl.lb o.002ob 1.3i:;q7~ 0.03tilJU 
b.':>9')0~ 0.19/9b O.OCJ2<17 1.35905 O.OtiOHO 
b.':lY21~ o.23043 O.uUti04 1.35945 O.Oti7':l9 
o.56!:1.5'=> 0.2b.38o 

I 
0.(1052b l.3~911; 0.0:,439 I :i.5o342 0.24b81 o.OOcb8 1.358~4 O.Obll'1 

b.'j7727 u.52471 0. (J Oo25 1.35~42 o.Ob74~ 
b.Sbr:n7 (J. 3b2':>8 I o.0099tj 1.:55790 0.07477 
b.5bJ77 o.:s4541 I v.011H7 1.35728 O.OB15b 
o.5S01b 0.42tj19 0.0139.S 1.3':lb55 O • Obl:S34 
b. 5.5 7 t) 0 0.46091 O.Olb15 1.3~5c9 o.o9s1e: 
~.52.5:ib (J. 4~3':lb 0.0185ti 1 • .5':)471 (J. 10 l 90 
':>.50731 u.'.:>2bl~ 0. 02109 1.35359 I O.lOtib/ 
b.41:S~~q o.~':)tsb3 o.0238<i 1.35232 o.11su3 
b."bb31 I O.:l9lv2 0. Oc?bb/; ' 1.3')090 0.12219 I b.4tl'.:d2 I O.b2331 0.02971 I 1.3t1'131 0.1289"1 
b.41~84 

I 0. o':lS4 7 0.032'11 t.34754 0.135b~ I b.3Yl 7b IJ • b b 7 ':) 0 0.03627 I t.345b0 u.142421 b.3b09B o.1193q o.u3q78 1.343~b 0.1'19lt1 
b.S273b o.7S111 0.043uc t.34113 0.155d5 
b.290~7 c,.ri;~bb (J.04729 1. 33651.i 0.11)2'i51 
o.2~135 o.~1401 0.05129 1.3358:5 CJ.161.J241 
b.2(J~71l 0. ~" 51 b O.O':l543 1.33286 o.11c;,91 I b.lb294 u.B7bu9 

I 
u.osq74 t.32'1bb 0.1~25b 

o.ll!od 0.90b79 O.Ob4l9 1 • .52b22 0.11'920 I 
b.Ubl~!) 0.93./23 O.Oc8bu 1.322Su 0.145b3 
b.005bd 0.116740 I 0.07357 1.31d62 0.20243' 
S.94b42 o.'1'172tj o.o7B4b 1.3144lJ 0.20901 

-0.22000 1.00000 0. 1 00 Ou O.YSUOO 0.22000 
-0.4t1U59 l). '1bb 7 1 0.1985?. u.91651 0.31350 
-O.b2145 o.:n~22 v.29267 o.ob39b u.e&02bb 
-o.1s110 O.S44l4 I 0.3~0b4 o.79679 0.485~0 
-v.8?ou7 v. 7b4bl 0.4b115 0.12012 o.Sbl70 
-u.b~tc?o u.o~()':)LI 0.5.5344 O.b3b9Q u.b2'1bb 
-O.oS1"c'':> o.59:l9o O.SY72:.:i 0.557R2 (J.bB950 
-0.7bb3S 0.5ltH2 u.6527') 0.48005 0. 7iJ1 3b 
-0.71~52 U.'l3q35 0.70039 o.aoaoc.i o.1as11 
-u. b« 0 .s (J o.37L3b 0.7"0bb 0.3~319 0.82320 
.O.::>':l~l 3 o.31139 0.774Y3 0.2~b08 o.B54b0 
-0.4~027 u. 2511145 0.803«1 0.23bb9 0. 8(S0b!S 
-o.ao10~ 0.21~14 0.8270t! O.l94bl v.40218 
-o.34127 0.17779 o.846b7 0.15919 u.919b2 
-0.2~3bl 0.1'1bb2 O.Bb284 0.129bb 0.93422 
-o.c:s«u2 •l.120d0 o.87617 0.10523 0.9U592 
-0.141~6 0. ()~~'jb o.~a11s 0.08516 0.95Sa1 
-u.15075 u.Oti~lb o.o'1t:>21 O.Oo675 o.9o307 
-0.12751 O.Ob~Ul 0.903b'I 0.05539 0.9b92b 
-v.1U3.59 o.05c~o o.<rn990 o.O'la56 o.9742'-' 
-0.083bj 0.04719 0. 111507 o.u3579 0.97824 



132 

Table 4. (continued) 

" I I I I 
11 , .:; H (~) H (Tl) I H ( 11) G2 ( c;) I G2(z;) 

2.2011 - U. Obi':, l o.o39bb I u.919i.ICJ 0.0~872 
I 0.9Hli.15 

~ • .SbU -i) • O'J:l~O 
I o.o:B'.Jb 

! 
00112305 0.02302 I o.98403 

1
2.4n(J -0.043i~ v. li c b b '1 v.'12bt5 0.011'4" I 

o.~aou9 
2. SnL• -0.0352U IJ. 024 7 b l). 928/12 u • 0 1 " 7 b u.9~775 ;> . -0.02~27 (). 0 2 1 bu tJ • '1 5 1 l 3 0.011~1 u.9t;'JU! I _.bhll 

1
2.lhO -i). 022b 9 o.01qob 0.9331b IJ.i)l)~44 I 0.99013 
2. Mr>O -0.Jl::i2Q u.Ul/03 11.<13496 f;. 00 7 55 v.990Y7 
2.'1blJ -J.014bU u.u1~39 0.93b".id O.\JOb03 0.4'Hb5 

\ .Lllb0 -U.\.llliJ u.::>l~uE! 0.93805 0. 0 1)1.H! 1 0.99214 

1
3.lhO -o.ou~.5~ 0o0LS03 0.93940 (l • 0 {J 3 ti 4 u.942b2 

I 3.2b0 -0.'JU7'.J2 O.Ul21'1 0.'140bb I 0.00307 0.4929b 
5.3bU -0.00:,03 u.011~2 i o.941134 0.00245 

I 
G.~93~4 

.S • .:JnO - () 0 0 IJ 4 b 4 I) • () l t} Y 1 0.94297 o.Ov195 0.99545 
~.'.lbO -o.ou.si,!l O.llllJ:i4 0.94£10" Ci. a 0 1 Sb U.943h3 
).obU -0.00312 () • () 1 0 1 9 0.94~08 0.00124 i 0."19377 
3. 7 cu -v.U0251 u.uo~9t u.9£ibOn o.uuo9~ 0.9'Ub8 
~.bbU -0.00202 o.oo9b4 CJ.94700 0.00079 

I 
0.99397 

1.3.460 -o.uvtb:S 0.00950 o.94802 O.OOOh3 o.9440t.1 
4. Onv -u. 00l:51 (). UO Y:Sb O.Y4oYb o.oooc;,o u.9'lt.lu4 
:J.lbl! -o.uu101 o.ouY2a 0.949A9 o.uoot.10 I 0.99iJ14 
4.?.bU .. u.oovl:\7 u.o0'114 0.95061 0.00032 O.Y'H~17 
4 • .Sb 0 -Q.00071 0. i.) ll 9 uh o.95172 I o.ouo2s I U.94a2\.l 
~.4bU -o.ooo~o (1 • fJ 0 ~ 0 I) o.952t>3 o.oov20 0.99422 
4.'joU -0.00041; 0.00695 0.95352 0.00016 o.99424 
4.obU -0.00U40 0.00~40 0.95£141 O.OU013 u.99426 
a.loO - 0 • 0 iJ 0 .3 3 0.00db7 0. 9'5530 0.00010 o.9q421 
u.800 -o.oou2~ () • 0 0 tj ~ 4 CJ.Y5b1Y II. 0 0 IJ 08 U.99i.12B 
4.YbU -0.0002~ U.l)Ol)Cil 0.95707 0. 0 ·} 0 0 b C.9'142~ 
'.:>. ll b \) - 0. u 0 Oc? 1 'J. 0 u b 7" 0.957Q'j o.vuooc:, \l. 49429 



l 
~ 
J 
q 
5 
b 
7 

6 
q 

c c 
l: 
t.: c c c c c c c c: c c; 
c c c c 
t.: c c c c; 

c c c c 

bO 
10 
80 
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klJlllGl i'.Llfrf\ 1-'0urir··i~ IU Ollt.IH'IJillE lttE:: VALUES lH fHE FUilJCflONS USEO 
I •\I T It E. ~ t. I< 11:. 5 ~iU L ll Tl U h1 f U K r H l :> I A t; N A I l UN H E li I U hi 1 E M f' t-. H A l UH E 
tJ J S f Iii d U f l U i'I ·HI f. l'I 1 Hf l l\r 1 IU J N ~ t:. N f f 1' C f 11 H 1 S l 

UE.f HH r llJf\I Ut (;IJMPLHEH SY"tUULS 

A:l~lllAL VALUl Of THE JNOEPENUENT VAklAtlLE 
XLl~l=~•AXlfllllM VALUE lJF JliE 1Nt.>EPE.NUEN1 VAHIAtiLE 
H:STEP :;1ZE 
M:(;OU1"4TEH USE.U IN SllHPIWGIHM HUNGt: lNlllALL'f SEI TU 0 
N:NU~~ER Of OEPENOlNT fUNCTlUNS ANP THEIR DEkJVATlVES 
N:SUM OF THE OHOEHS UF THE OJfflRENf IAL EQUATIONS 
Bl1t3:CONSJAN1 IN JUE. ENERGY ElJUAllUN 
PH:PkANOTL NUMHlR 
Y=AHkAY UF N UEPENOENT FU~CJIONS ANO THEIR UERIVAllVlS 
l~lTlALllEO H'f PRUGHAMMER 
F : A 1-l R A Y U F J HE N OE R I VA TI VE S 0 f J tH. I) E. PEN 0 EN J f UN C TI IJ NS AN 0 
lHElM OEHIVATIVES 
READ lNllIAL VALU~S 
DIMENSION YllO), FClO) 
REAtJ(S,&O) X,XLIM,H,M,N 
FlJMMAfOFS 2.11.12) 
kEA0(5,7o){Y(IJ,J:l,N) 

· FOR.'>1AJ(tOF7.SJ 
REAO(S,60) 8HB,P~ 
FOM~Af(2fl0.5) 

OUTPUT l~lrlAL VALUES 
~RlfE(&,US)X, (Y(J},1=1,N) 
fu~MArl1~.Fs.2,1x,1o<F10.~.1x>> 

....... 
w w 



10 
ll 
12 
1 3 
l" lS 
lb 
l 1 
lU 
11.J 
20 
21 
22 
23 

2Q 
~5 

2b 
21 
2'1 

c c 

(; 
c c 

15 
c?U 

30 

q() 
90 

50 

sr&Hl ~41N PRUGHAM 
lF(X-XLlM) 20,20.50 
CALL ~U~bE(~,Y,f,X,H,M,K,~hB,PH) 
l>U lU (30,tlOJ,1'. 
f(l):Y(~)•Y(2J~Y(3)•Y(ll-l. 

f l~):Y(l) f i):Y(c?) 
f 4J=4.•Y(~)•Y(2J-Yl3J•Y(Q)•3.•Y(l)•Y(b)-1. 
f 'j):t(Q) 
f (b):Y(5) 
f(/):-P~•Y(7J•Y(3) 
f(ti):Y(7) 
F(9):P~•(2.•Yl2)•Y(10J·Y(9)•Yl3)·1~.•HUU•Y(b)•f(7)) 
FllOJ:Y(9) 
!JlJ TO c?O 

UUlf'Uf JHl VALUES Uf TttE N 01:.PfNUf~T fUNCJJUNS ANO HiElR OEtHVAJIVES 

~~llE(b,90)X,(Y(J),l=l,N) 
fOHMAJ(l~.Fs.2.1x,tO(Flo.~.tXl) 

GO TU 15 
STUf' 
li'W 

I-' w 
~ 



29 c c 
30 
.51 
32 
3.5 1 
~4 2 
3'j 
.5b 
37 3 
3ti q 
.59 s 
c&O 
" l b 
q2 
41 
"q 7 
45 8 
q& 
q1 
~"ti q" 9 
50 10 
51 

5Ud~U~llNE ~UN&E(N,Y F,X.rl,M,K UhH~PR) 
1 tt l s iW IJ 1 1 NE. p ER f 0 ~ M ~ A f I Rs ' 0 R 0 EH Ru NG f. Ku T r A c AL cu LA r l 0 N 

Ol~E~SlUN YllO),f(lO),U(lOJ 
M:Mtl 
GU TO C1,q,~,J,7),M 
0 IJ ~ I= 1 , t~ 
U(IJ=o. 
A:0.5 
~lJ TU '} 
A:l.707107 
,I(=)( t 015. ti 
OU b :1,N 
Y(IJ:Y(l)+A•lfll)•H-~Clll 
t.I ( 1 ) : 2 • • A 11 H * f ( I J + l 1 • - 3 • * A ) * lJ ( 1 ) 
A::Of 2~2/J932 
GU U 9 
UO 8 1=1 N Y(lJ::Y( J+H•FCIJ/b.-~Cll/3. 
. ..,:0 
K:2 
liU JU 10 
K:l 
~ElUJ<" 
END 

._. 
VJ 
V'I 



APPENDIX E 

136 



137 

APPENDIX E 

Experimental Data 

The data for the pressure distributions on the im-

pingement plate is given in Tables 5 and 6. The Nusselt 

number data is given in Tables 7 through 21. The Nusselt 

numbers presented represent discrete data taken from the 

heat flux distributions and are formed using the heat trans-

fer coefficient which has been corrected by the method of 

Appendix B. Tables 7 through 10 present values of the 

Nusselt number for single jets when F = 0. This data was 

used to determine the effect of turbulence on the stagnation 

region heat transfer and the wall jet velocity decay. 

Tables 11 through 14 present values of the Nusselt number 

for single jets when F > 0. This data was used to determine 

the coefficient in the free jet thermal potential core 

length and the wall jet temperature decay. Detailed Nusselt 

number distributions for single jets for F = 0 and F > 0 is 

given in Tables 15 and 16. Stagnation region Nusselt number 

data for single jets when F = 0 and F > 0 is given in, Tables 

17 and 18. The Nusselt number data showing the significance 

of the entrainment factor is given in Table 19. Nusselt 

number data for multiple jets at the stagnation point is 

presented in Table 20. Table 21 presents the Nusselt number 

data for multiple jets in the wall jet region. 
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~able 5. Pressure Distribution Data for 
Single and Multiple Jets when 
~ =lJ, Re=7710 

0 

Single Jet Multiple Jets 

I 
x Pressure ~ Pressure 
h (mm H2C) h (r.im n2o) 

-2.02 -5.6 -2.10 6.4 
-1.11 -8.0 -1. 78 6.4 
-0. 82 -7.1 -1.58 3.2 

I 

-0.69 -7.1 -1. 37 0 
-0.49 -6. 4 -1. 24 -4.0 
-0.36 

I 
-3. 2 

! 
-1.10 -6.4 

I 
I -o. 21 9,5 I -0.90 -8.o 
1 -o .14 29.4 -0.80 -8. 7 

-0.08 54.o -0.55 -a. o 

-0. 02 73.0 
I 

-0.35 -4.8 
0.05 79.4 -0.22 -0.8 
0.09 74.7 -o. 21 0 
0 .12 61. 2 -0.15 4.8 
0.19 

I 
36.6 -0.08 16.7 

0.32 2.4 I -0. 02 38.l I 

0.39 I -4.o I 0.05 62.7 I 
I 

0.53 -8.o I 0 .12 80.J I 
0.80 -9.5 0.16 82. 6 
1. 21 -9.5 0. 21 7J.2 
1. 70 -9.5 0. 26 58.7 

0.38 15.9 
0.46 J.2 
0.50 -(). 8 
0.66 -4.8 

0.93 6 1, - ..... 
1. 25 -7 1 . ~ 
1. 69 -6.4 
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Table 6. ?ressure Jistribution Data for 
Single and i·1ul tiple Jets when 
~ =25, Re=7740 

0 

3ingle Jet ~·.iul tip le Jets 
I ·r ! ?:::essure ·.r P:::essure .\. .\. 

h ' (mm E20) h (rm:i n20) 

-0.67 -4.8 -0. 67 J.2 
-0.58 -4.8 -0. 62 2.4 
-0. 47 -4.0 -0. 55 o.8 

-0. J6 -2.4 -0.44 -1. 6 
-0. 26 4.o ,-0.JJ -J.2 
-0.19 11.9 -o. 22 -4. 0 

I -o .12 25.4 1-0.11 -1. 6 
" "I I ...,a 1 '-0. 02 4.8 

0.07 17.5 

0.10 19.1 
0.11 22.0 

' Jl.8 
! 

J4.9 I 

I 27.0 
1 I"'\ 1 0.44 -1. 6 ! 0.39 19.1 

I 

0.50 -J. 2 
0.59 -J. 2 
0.74 -J. 2 

: I 
I 
I 

0.50 

I 
4.8 

0.57 0 
0.6JJ. -J.2 

1.14 -J. 2 0, 7Li. -6.4 
1. 72 -J. 2 0.85 -8.o 

0.96 -7. 2 

1.07 I _c:; 6 
../ . 

1.14 -4.0 
1. 25 -1. 6 

1. J2 -1. 6 
l.4J 1. 6 
1.54 4.0 



Table 7. 

Run h 
bo 

lA 11. 2 
2A 8.42 
3A 8.42 

4A 6.60 
5A 6.60 
7A lJ.1 

I BA lJ.l 
I 9A lJ.1 I 
I lOA 11. 2 

Table B. 

j Run h._ 
bo 

lB 15.0 
2B 15.0 
JB 10.5 
4B 10.5 
SB 7.65 
6B 7,65 

7B 6. 20 
BB 6. 20 
llB 19.3 
12B 19.J 
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Nusselt Number ~ata for Single Jet, 
F = 0, 15 mm Slot (CD = 0,736) 

Re Nu Nu Nu 
( xl o-4) X=O ; -4,6 x b=9.2 

0 c 
4.14 137. 77.8 65.8 
4.15 148. 80.1 70.7 
2. 29 97.5 49.7 41. 0 
2.53 109. 56.6 45,9 
4. 04 141. 86.6 72. 9 2.10 75.0 45.2 J4.2 
J,97 122. 88.7 69,0 
J.lB 99.7 65.4 52.1 
2. 20 B8.0 48.2 J8.l 

[usselt Number Da~a for Single Jet, 
F = 0, 10 mm Slot (8~ = 0.693) 

Re Nu Nu Nu 
(xlo-4) x ; =14.7 X=O b -7.3 

0 0 

1. 35 51.4 26.0 21. J 
2.58 81.4 45.7 J6.6 
2.57 93,7 47.6 JS.9 
1.15 56.6 25. 7 20.5 
1.62 7J.J J4.4 27,7 
2. 57 99,3 51.4 J9°9 
2. 56 I 94.B 53.1 J9.1 
1.72 80.B J7.1 26.7 
2.60 70.1 46.0 J6.4 

1.37 4J.J 25. 9 20. J 

I 

I 



.Table 9. Nuss el t Number Data for Single Jet, F = O, 
5 mm Slot (CD = 0.709) 

Run h__ Re Nu Nu Nu 
bo (xlO-J) X=O ~=O.J4 x b -14.J 

0 

1C 15.0 6.93 J2.5 22.2 1J.J 
2C 15.0 lJ.O 49.4 29.4 21.5 
JC 12.1 1J.O 52. 8 22.2 

4C 12.1 6.93 J7.J 14.1 
5c 9.31 8. 02 45.8 16.2 
6C 9. 31 13, 2 6J.J 25. l.j. 

7c 6.49 lJ. 3 63.5 49.9 24.7 
8C 6.49 lJ. 3 63.5 51. 2 23.1 
9C 6.49 8.48 52. 6 38.J 17.9 

10C 7.90 6.60 42. 8 12.2 
11C 7.90 lJ.2 62.4 22.6 
12C 18.1 6.93 29.4 12. 8 

13C 18.1 13.2 42. 9 26.5 
14C 20. 9 13.4 40.2 19.2 
15c 20.9 7.53 27.8 12. 5 

16C 23.7 6.60 24.4 14.8 11. 5 
17c 23.7 1. 35 JB.1 24.1 19.0 

Nu 
~ =28 0 7 

0 

10.6 
10.7 
16. 8 

10.7 
11. 9 
18.1 

17. 4 
14.9 
12. 4 

5.49 
16. J 

9.74 

17. 0 
15.2 
10.2 

9. 20 
15.2 

t-' 
+' 
I-' 
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'!'able 10. Nusselt Number Data for ::iingle Jet, F' = O, 

J rnlll Slot (CD == 0. 70J) 

----~~r----l--·--·--- --- ·-----· - ---- ----· 

kun I h Re Nu Nu Nu Nu 
ho (xlO-J) X=O ~~O.J4 ~~=24.1 g--:-: li8. 2 

0 
--- -- - --

lD 25 .1 5. 61t 19.9 12. 1 9. 60 7.98 
2D 25.1 B.oo 28. 2 14. 1 9.96 8. 20 
JD 20. l~ 7.91 25. 8 10.2 8.05 
im 20. 4 5.64 21. 6 12. 9 8. 20 5.95 I ........ 

50 15.6 4.25 22.7 1J.5 6.65 1,. 82 +' 
N 

6D 15.6 7.79 JO. 7 11. 6 f:3. 51 
'/D 11.4 7.91 JU.J 26.1 11. J 7 .16 
80 11 • J~ Li, 16 27.9 16.6 6.81 4 . 1~7 
9D 6.16 Ji. 16 JJ.J 2J.2 6.56 J.J2 
1 OD 6.16 '/, 76 45.0 J5.2 10.6 5.54 
1 lD 8.5J 7.88 39.5 10.7 6.19 
120 8.53 4. 06 2J.8 5.26 2.93 

1 JD 8 • 5 J j 6. 81 JU.5 9 .1i9 5.53 
14D 25.6 6.0J 19.1 12.5 8.08 6.59 
150 25.6 7.J8 20. 7 9. Jl 7.J8 

L ___ --- ------ ------- -------



'!'able 11. Nussel t Number Data for Single Jet, l" > O, 
15 mm Slot (c0 = 0.736) 

Run h_ 
bo 

FAl 6.60 
l•'A2 6. 60 
Jo'AJ 6.60 

F'A5 6.60 
'fA7 1 J .1 
1"A8 1 J.1 

FA9 9. lJ2 
FAlO 9.42 

L....--- --·- .... _ 

·---
Re 

(xlo-4) 

1. 74 
1.8J 
2.51 

1. 26 
1.95 
J. 16 

1. 81 
J. 29 

·------

F 

0 
0 
0 

J 
6 ,,. 
6 
J 

---~' 

Nu 
X=O 

0 67.6 
0 68.8 
0 91. 7 

J 70.4 
7 4J.9 
9 72.0 

9 65.J 
0 100. 
- ------

·--·-
Nu 

~ ='L 6 
0 

21. 2 
15.0 
29.5 

27.J 
2J.6 
44.6 

J0.8 
lJ9. 8 

------

~--

N 
x 
b~o= 

16 
16 
35 

20 
J6 

u 

9.2 

.4 

. 2 

.o 

.6 
• J 

....... 
-J:--w 



'!'·able 12. Nussel t Nwnber Data for Single Jet, F > O, 
10 mm Slot (C0 = 0.693) 

~ ~ 

Run Re F Nu Nu Nu 
·-

h_ 
bo ( xlO -4) X=O ~ -7.3 

0 
~ =14.7 

0 

FBl 7.65 1.80 0.53 61. 7 23.J 18.6 
FB2 10.5 1.80 1.00 56.8 23.5 16.7 
1''B3 10.5 1. 81 0.57 Ji5. 7 20.1 15.6 

f'B4 15.0 2.16 o.66 49.1 26.5 20. 1 
FB5 15.0 1. 61 0.62 40.9 20. 0 15.2 
FB7 17.9 1. J5 0.62 26.7 14.4 10.1 

l;-B8 10.7 1. 38 0.82 47.4 20. J 12. 2 
FB9 10.7 2.22 0.60 74.J J3.0 22.8 
PB10 8.37 1. 35 0.75 62. 9 21. J 13.J 

r' 
+--+--



'rablo lJ. Nu::>Sel t Number Data for Jingle Jet, F > O, 
5 mm Slot (c0 = 0.693) 

Run I h_ I c x~~ - 3) I ~· I Nu I Nu Nu 
bo X=O e-=14.J x 

bo"2~ 0 ---··-----· ·----,-·-· ---- _. ___ 

J•'Cl I 15. 1 5.53 0.58 I 21.9 I . 7.14 1L 57 
1''C2 15.1 8.22 0.59 27.7 9.77 5.68 

FCJ l 20.6 9,57 g}z J_~t~J__ ~~!?_J_,:ss FC4 20.6 6.oo 
------·-- ---·--- -----------

I-' 
~ 
V1 



•.r-able 14. Nussel t Number Data for Single Jet, F > O, 
J mm Slot (c0 = 0.703) 

-- ·-·--- ·---
Hun p __ Re F Nu Nu Nu 

bo (x10-3) X=O ~ =24. 1 £ -==48. 2 
0 0 

PDl 11.4 4.16 o. 25 23.5 
PD2 11.4 4.16 o. 25 23.1 
r'DJ 11.4 4.12 0.36 31.? 

FD4 11.4 3.93 0.37 23.7 
FD5 11.4 3. 9J 0. J'• 24.5 
FD12 18.0 6.75 o.68 14.6 3.84 2.64 

l•'DlJ Hl. o 5.12 0.51 18.5 5.74 3.87 
FD14 18.0 6.)0 o.45 19.9 1.00 4.77 
l"D15 25. 1 . 7.38 0.96 11.4 5.02 J.00 

f'D16 25.1 4.20 1.00 1.22 4.60 1.0J 
PD17 25.1 4. 20 0.97 8.35 2.JB 1. JS 
FD18 18.0 5.74 0.85 17.8 5.39 4.06 

FD19 18.0 7.68 0.80 19.4 6.70 '•· 40 FD20 10.9 7.88 o.64 35.9 11. 2 10. '• 
FD21 10.9 4.01 0.81 2J.1 3.77 2.48 

1"D10 lJ.J J.98 0.24 19.8 
PD11 lJ.J 5.59 0.80 lJ.5 

·- ------- --- - ·------·---·--·------··-----" 

...... 
-P' 

°' 
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Table 15. Nusselt Number Distributions 
for Single Jets F = O 

Run 5D Run lB 
3 mm Slot 10 mm Slot 

CD = 0.703 CD = 0. 693 
h..... = 15.6 h 15.0 - = bo bo 
Re =· 4250 Re = 13500 

K. Nu K. Nu 
h h 

0 22.7 0 51.4 
0.15 19.3 0.10 45. 9 
O.J4 14.o 0. 20 39.2 
0.50 11. 0 0.34 30.5 
1. 00 8.06 0.50 26.4 
1.50 6.89 0. 70 22.7 
2.00 6.19 1.00 19.4 
3.00 5.05 



Table 16. Nussel t Number Distributions for Single Jets 
F' > 0 

Run FD16 Run FB2 Run PC2 Run FA9 
3 mm Slot 10 mm Slot· 5 mm Slot 15 mm Slot 
CD = 0.703. C0 = 0~693 CD = 0.709 CD = 0.736 

I h . . ~ = 10.s ~ = 15.1 ~ = 9.42 b = 25.1 
0 0 0 0 

Re = 4200 R_e = 18000 fie = 8220 Re = 18100 
F = 1 F = 1 F' = O. 59 F' = o. 69 

,, 

K Nu K Nu K_ Nu x Nu 
h h h h 

0 7.22 0 56.8 0 22~7 0 65.3 
0.10 6.81 0.10 48.9 0.10 24.5 0.10 60.0 o. 20 5.79 o. 20 11-2.1 o. 20 21.4 o. 20 50.8 
0.34 4·. JO 0.34 J0.7 O.J4 16. 0 O.J4 J6.7 

0.50 J. J2 . 0.50 26.7 0.50 lJ.J 0.50 J0.2 
1.00 2. 61~ 0.75 22.1 1.00 9.28 0.75 23.7 
1.50 1.90 1.00 18.9 1.50 6.13 1.00 18.4 
2.00 0.75 1.50 16.7 2.00 4.79 

I-' 
~ 
00 
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Table 17. Nusselt ~UI:lber Jata in the Sia,gr:ation 
Region for Single Jets when F = O 

Run I x Nu ~ Nu 
h h 

lA 0.15 I 117 0.34 90.0 
2A 0.15 lJO O.J4 97.5 JA 0.15 32. 9 O.J4 61.2 

4A 0.15 92. 4 O.J4 i 71.1 
9A 0.13 87.6 
2B 0.18 64.9 

4B I c. 26 J8.4 
llB I 0.14 62.1 0.32 50.2 
lC 

I 
o. 25 22.2 ! I 

12C 0. 25 19.7 
I 14C o. 25 28. 6 

I JD I 0. 20 20.4 I I I I I 
I 

12. 5 I 5D c.15 19.9 O.J4 I 7C o. 20 Jl. 6 
8D 0.15 25.1 O.J4 16.6 

llD o. 20 I JJ.4 
lJD 0.15 I JJ.O O.J4 26.8 



'!'able lU. Nussel t Nurnber Data in the S tagna ti on Region 
for ::5ingle Jets when P > O 

Run lL :r' Re Nu Nu Nu 
to (xlO-J) x = 0 ~ = 0.15 ~ = 0. Jli 

PD16 25.1 1 4. 20 7.22 6.10 4.00 
FIJ15 25.1 1 ·1. J8 11.4 9.56 7.07 
PAl 6.60 1 17.4 67.6 55.5 )6.1 

l•'A2 6.60 1 18.J 68.8 54.0 45.7 
li'AJ 6.60 1 25.1 91. 7 '/li. 8 48.2 
l"B2 10.5 1 18.0 56.8 43.8 Jl. 5 
1"D1 '1 2.5.1 1 4. 20 8. Jl~ 6.67 4.Jl 
l•'D7 1).J 0 .18 Ii. JO 28.1 21'·. 4 17.1 
fo'D8 1 ). J 0.18 5.69 JO .1 25.4 18.4 

FD9 1J.J 0.18 2.8.5 20.5 18.0 12. 9 
1"C1 15.1 0.58 5.53 21.9 18.0 12. 5 
FC2 15.1 0.58 8.22 27.7 2J.O 15.0 

...... 
\J1 
0 



Hun 

SB1 
SB) 
::>135 

Table 19. Nusselt Nurnbe~ Dat~ for Determining the 
:.:>ignificancl~ of the Entrainment Factor 

Re = 16200 

10 rnm .:Jlot 

F 
x = 0 x ii = 0 .10 x -h - 0. 20 

0 ?8.J 71. 6 63.9 
0.)4 76.7 69.7 58.5 
0.80 69.9 65.3 55.1 

h_ :: 8. J'l 
bo 
G = O. 69) D 

Hu 

~ = 0.)4 ~ = 0.50 

52.4 46.J 
4?.7 41.5 
'~ J. j J6.o 

~ = 1 0 h • 

J8. i~ 
JJ.4 
27.9 

~ = 1. .5 

29.9 
27.5 
19.7 

t-' 
Vl ...... 
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Table 20. Nusselt ~lumber Data at the Stagnation 
Point for Yiultiple Jets 

Run Re b_ F ~"so I ( x10 -3) bo 
I 

Ml 4.01 25.1 0. 11.!. 
I 

14.2 
iii 2 2.70 25.1 0. 1.5 11. 0 
~13 2.05 15.6 0.17 ! 12. J 

I 

M4 4.16 15.6 0.15 18.J 
M6 4.59 8.53 0.30 29. 9 
M7 5.33 8.53 o. 21 

i 
J2.2 

MB 2.77 8.53 o. 25 I 22.9 
M9 2.91 10.9 0.23 19.5 
:1110 4.38 10.9 0.08 J0.2 
Mll .s. 61 10.9 0. 21 

i 28.7 
Ml2 6.07 J4.6 0.14 I 15.J 
i'vi13 4.96 34.6 0.14 I 14.6 

~fi14 5. 68 20.4 0.17 19.6 
M15 3.50 20.4 0.18 14-. 9 
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Table 21. Nussel t Number Data in the 
Wall Jet Region for Multiple 
Jets 

Run M6 Run i~17 

~ = 8.53 h._ = 8.5J 
0 bo 

Re = 4590 Re = 5JJO 
F = o. 29 F = o. 21 

x Nu x Nu 
h "h 

O.J4 22.2 O.J4 21. 7 
0.50 18.6 0.50 18.5 
1. 0 1J.2 1. 0 lJ.4 
1. 5 10.8 1.5 11. 5 
2.0 8.46 2.0 8.66 
2.5 7.19 2.5 7. 29 
J.O 5.94 J.O 6.oo 
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APPENDIX F 

Determination of the Entrainment Factor for Jet Arrays 

The entrainment factor for a jet array can be deter-

mined with a simple energy balance on the control volume 

shown in Fig. 53. The assumptions are: 

1. The air in the recirculation region is at a 

uniform temperature. 

2. All the air exits from the right side of the 

control volume as shown. 

3. The air leaving the control volume is at a uniform 

temperature equal to that of the air in the re-

circulation region. 

4. All surfaces except the impingement plate are 

insulated. 

The energy balance states that the increase in the 

enthalpy of the air as it passes through the control volume 

must equal the heat transferred from the plate. 

qL (84) 

Since 

(85) 



VO 

_--1 l j-___ b_o ----, 
,-----, 
I t-
i r\I ~ 
I \ I r • 

~ L ~T 
I 
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qact 

Figure 53. Control Ve;lume for Energy B.:1lance to Determine the 
Entraj.nment factor for a Jet Array. 
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lJ1 
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p CE Va ho K Nu L (Too - T.) = ho (Tw - Ti) (86) 2 l. 
. 

Now the entrainment factor is 

T. - T 2 i{ Nu L Nu (2L) F l. 00 
(87) = T = b2 = Re Pr T. DQ l. w 0 cP v0 

As a first approximation, the Nusselt number correlations 

for r = 0 are used to determine F. Then, the Nusselt 

number correlations for the calculated value of F are used 

to determine a new F. The process is continued until the 

value of F has sufficiently converged. The use of this 

procedure produced values of F which were within 20 percent 

of the measured values of F. 
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THE EFFECT OF ENTRAINMENT 

ON JET IMPINGEXENT 

HEAT TRAJ.~SFER 

by 

Steven A. Striegl 

(ABSTRACT) 

An analytical and experimental study was done to de-

termine the effect of entrainment on the heat transfer to a 

single, plane, turbulent impinging jet. Solutions to the 

momentum and energy equations were obtained with similarity 

and series analyses. !he analytical model is compared with 

measured heat transfer rates to single air jets impinging 

normally on an isothermal heated surface. To determine the 

effect of entrainment, the temperature of the environment 

surrounding the jet was varied between the initial temper-

ature of the jet and the plate temperature. 

Results obtained for jet arrays show that entrainment 

of air in the recirculation region between the jets can 

significantly affect the heat transfer rates. Comparison of 

the analytical model to the measured heat transfer rates for 

jet arrays shows that the single jet model can be success-

fully applied to jet arrays when the effect of entrainment 

is considered. 
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