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1. INTRODUCAO

A energia liberada na camara de combustéo durante a queima
de um combustivel fornece o trabalho de impulséo do pistdo e também
um calor residual que & tfransmitido aos elementos circundantes &
cémara como o pistdo, a camisa, o conjunto de valvulas, o cabegote e
também aos gases de escape.

O pist&o, geraimente de aluminio, recebe uma quantidade
significativa desta energia que afeta a sua estrutura. As regides do pistéo
que dissipam a maior parte deste calor sdo :

. zona de aneis;
. galeria;
° fundo do pistéo ( parte inferior).

Com o aumento de poténcia dos motores e consequente
aumento do calor gerado para o pistdo, o fluxo de calor na zona dos
anéis demanda a utilizagdo de novas tecnologias de fabricagdo como
materiais mais resistentes e porta-anéis. Consequentemente o custo do
produto final aumenta bastante. Deste modo, faz-se necessario o estudo
de otimizagéo de refrigeragéo na galeria e na parte inferior do pistéo.



2.0BJETIVOS

O grande problema do estudo de transferéncia de calor no
fundo do pistdo é o desconhecimento da distribuicdo do coeficiente de
troca de calor por convecgdo (h) ao longo de sua superficie. Este
trabatho tem como principal objetivo estudar modelos de jatos de dleo em
meio ar incidindo sobre superficies cincavas e aguecidas de forma a
simular o problema na parte inferior do pisto.

Os modelos estudados resultaram de uma pesquisa
bibliogréfica realizada em institutos de pesquisa, Escola Politécnica e
Metal Leve S.A.. Estes modelos definem diversas formas de distribuiggo
de h, cuja influéncia no perfil de temperaturas internas ac pistdc e no
fluxo de calor sera avaliada através de aplicagdo numérica (método dos
elementos finitos), verificando a validade dos modelos.

Esta andlise através da simulagdo numérica permitiréa a
avaliag&@o de dois pontos importantes para a refrigerag&o de pistées

1. a influéncia da presenga do jato de refrigeracdo no fundo do
pistéo no perfil de temperaturas e fluxo de calor no seu interior;

2. a influéncia da posicdo de impacto do jato livre sobre a
superficie inferior do pistéo.




3.DEFINICAO DO PROBLEMA

Ha
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figura 3.1

Considerando a figura 3.1 (ref. [4]) verificamos que da fracao
de calor resultante do processo de combustdo que penetra no pist&o,
grande parte & removida pela zona de anéis (52%) sendo a galeria
responsavel por 27% e a parte inferior do pistdo por 21%,
aproximadamente. Este calor deve ser removido com eficiéncia, visto que
com o aumento de poténcia dos motores de combustfo interna, a
temperatura intena do pistéo também aumentou, causando alteracdo nas
propriedades mecénicas do material possibilitando a ocorréncia de
dilatag&o e danos estruturais ao conjunto.

O coeficiente de transferéncia de calor h neste trabalho é
assumido como conhecido na cdmara de combustdo e na zona de anéis,
sendo estes dados fornecidos por uma empresa de consultoria
especializada em combustdo. O valor adotado usualmente para o
coeficiente de transferéncia de calor na parte inferior do pistdo & um
valor médio determinado experimentalmente sendo o objetivo deste
trabalho a determinagéo da distribuigio deste coeficiente ao longo da
superficie interna ao pistéo.

A simulagao numérica seré desenvolvida sobre a geometria de
um pistéo real ja definido.



As condigdes de contorno do problema que devem ser
consideradas no estudo dos modelos de jato para o fundo dos pistéo
s&o:

jato Unico, liquido e circular;

. 6lec em meio ar;

. ndmero de Reynolds (Re) = 4000 (aproximado);
° numero de Prandtl (Pr) = 200 (aproximado);

o superficie de impacto concava;

. impacto ndo normal;

. distancia bico X superficie variavel.




4. ANALISE DO MATERTAL BILIOGRAFICO

A pesquisa bibliografica foi realizada a partir de uma busca de
informacdes nas bibliotecas da Metal Leve S.A., Escola Politécnica da
USP, Instituto de Pesquisas Tecnolbgicas (IPT), Instituto de Pesquisa de
Energia Nuclear (IPEN); com base em palavras chave e na referéncia [1].

A lista de referéncias obtidas enconira-se no apéndice I.
Grande parte deste material foi descartado devido & n3o conformidade
com o problema proposto (pistdo) como os "arrays" (arranjos) de jatos, os
"slot jets" (rasgos) e os jatos de aquecimento.

A partir da andlise do material bibliogréfico, cuja lista é
apresentada no Apéndice |, alguns modelos para a distribuigdo do
coeficiente de transferéncia de calor sobre uma superficie sélida foram
selecionados para posterior anélise numérica.

Woschni, em [2] encontra uma equagZo universal para a
determinacdo do coeficiente médio de transferéncia de calor na camara
de combustéo ou outro processo a volume constante. Em [3] é feita uma
andlise completa do fluxo de calor no interior do pistdo e de temperaturas
locais. Alguns experimentos foram feitos isolando-se partes do pistdo
(canal de anel, galeria de refrigeracdo, parte inferior) e avaliando as
alteragbes nos resuitados.

Sttoter [4] disserta sobre os métodos existentes para a
refrigeracéo de pistdes utilizando como fluido refrigerante agua, ar e
Sleo.

A pesquisa bibliogréfica (ref. [1]) é a base para este trabalho.
Apresenta uma lista de 48 artigos sobre jatos de impacto, contendo o
campo de aplicacéo (Re, Pr), a correlago utilizada, as condigdes do jato
liquido e escoamento (aquecimento ou refrigeragéio, meio liquido ou
gasoso,superficie plana ou inclinada) e o tipo do jato (arranjo, circular ou
rasgo).

O uso de jatos de ar (gés) em meio gas considerando tanto os
jatos Unicos de rasgo ou circulares é estudado por Martin [5], calculando
o coeficiente de transferéncia de calor a partir da analogia com a
transferéncia de massa.




Stevens [6] estuda o desenvolvimento do perfil de velocidades
tanto no escoamento sobre a superficie como no jato livre com o auxilio
da técnica de LDV (Laser-Doppler Velocimetry).

Os autores das referéncias [7], [8] e [9] tratam do aumento do
coeficiente de transferéncia de calor h através da presenca de geradores
de vértices no escoamento,

Ward [10] determina o coeficiente de transferéncia de massa
do impacto ortogonal de um jato de ar simples com "Swirl" sobre uma
superficie plana através da técnica de "thin-film naphtalene sublimation".
O coeficiente de transferéncia de calor é obtido pela analogia de Chilton-
Colburn,

Na referéncia [11], Chupp et Al tratam da refrigeragéo de pés
de turbinas a gas através de impacto de jatos internos de ar.

Amano e Brandt [12] estudam a aplicacéo de jatos fluidos para
cortar materiais solidos. O estudo numérico é baseado na solugéo exata
da equagéo de Navier - Stokes de um jato incompressivel submerso com
0 modelo de turbuléncia k-e. Neste trabalho observa-se a ocorréncia de
um 2° maximo no perfil de distribuicdo do coeficiente de descarga. Este
fato pode ser explicado analiticamente pela presenca de particulas de
fluido com alta energia cinética.

Gardon e Conboque [13] estudam arranjos de jatos de ar com
utilizagéo voitada para o processo de endurecimento de vidro, variando
experimentalmente a velocidade do ar desde poucos pés/min até
velocidades sdnicas. Apresentam uma correlagdo para o coeficiente de
transferéncia de calor na regi&io de estagnacdo e estabelecem uma
relaggo para a sua determinagéo local em fungio da relagdo entre a
distancia radial e a distancia entre o bico e a superficie de impacto.

Goldstein e Timmers [14] demonstram com experimentos
préticos, a utilizagéo da técnica de "liquid crystal” para a medigdo visual
de temperaturas e consequentemente a determinacgéo do coeficiente de
transferéncia de calor em um prato plano sofrendo impacto de jatos de ar
(simples e arranjos). O "liquid crystal' tem a propriedade de refletir
determinadas cores do espectro de acordo com a temperatura. Sua faixa



de atuagéo nos experimentos & de 30 a 35 graus Celsius porém ¢é sabido
gue ja alcangou -40 a 285 graus Celsius.

Hricak {15] estuda a incidéncia de jatos circulares de ar em
superficies concavas, simulando em pequena escala um modelo de pa
de turbina, obtendo uma correlagéo para a regiéo de estagnacéo.

Belfaos [16] faz uma extensa analise do comportamento
dinamico do fluido em impacto de um jato turbulento circular.

Amano e Sugivama [17] executam um estudo numeérico de
transferéncia de calor utilizando o modelo de viscosidade de Boussinesq
(BMV) k- para solucionar a equagéo de Navier-Stokes. Os resultados de
simulacdo numérica de 3 modelos diferentes sdo comparados com
resultados experimentais, apresentando boa aproximagéo.

Daane e Han [18] conduziram um trabatho voltado para o
processo de secagem de papel, avaliando a transferéncia de calor e
massa envolvidas através de resultados experimentais de impacto de um
jato turbulento de ar aquecido supondo a disténcia entre o bico e a
superficie muito pequena.

Huang [19] investiga o processo de troca de calor em impacto
normal de jatos de ar e determina equagbes empiricas para os
coeficientes de transferéncia de calor local e médio. Estas equagbes séo
determinadas a partir de resultados experimentais de jatos de
aquecimento atingindo uma superficie plana.

Fant [20] enfatiza o uso de jatos de impacto em refrigeragéo
de pas de turbinas.

Donaldson e Snedecker [21] aproximam os resultados
turbulentos perto da regido se estagnac@o, pelos valores de um
escoamento laminar, corrigidos por um fator de converséo. Os resultados
analiticos séo avaliados através de experiéncias utilizando ar. Vérios
para@mentros como variagéo radial e axial da velocidade, turbuléncia no
ponto de estagnacéo, flutuacéo da presséo total e fluxo de calor foram
medidos.

Wang et al [22] investigam as caracteristicas de transferéncia
de calor de um jato circular impactando sobre a superficie plana de um



disco sélido ao qual é atribuido uma temperatura arbitraria ou uma
distribuicdo de fluxo de calor, sendo estes problemas solucionados
analiticamente.

Gardon e Akfirat [23] avaliam o coeficiente de transferéncia de
calor de jatos de impacto através de medighes experimentais de
velocidade e turbuléncia. Com isto é possivel estudar a influéncia da
turbuléncia nos valores locais de "h".

Sparrow et al [24] fazem um estudo de transferéncia de calor
em impacto de jatos de ar em uma superficie plana com escoamento tal
como no caso de refrigeragdo de pas de turbinas. Verificam também as
influéncias da distancia entre o jato e a superficie e da configuracdo da
saida do jato nos valores de h local, experimentalmente através de
medicéo de temperaturas locais.

Sparrow e Lovell [25] obtém dados experimentais sobre o
impacto de um jato de ar circular sobre uma superficie plana em énguios
obliquos (90° - 30°). Avaliagéo do coeficiente de transferéncia de massa
através da técnica de sublimag#o de naftaleno a partir do principio de
que se os nimeros de PRANDTL e SCHMIDT s&o iguais, para um dado
escoamento (REYNOLDS), SHERWOOD e NUSSELT também séo iguais; é
possive! estimar o coeficiente de transferéncia de caior. Neste trabalho
verificou-se o fato de que o ponto de maximo (ponto de estagnagéo) é
deslocado para a montante do escoamento & medida em que se diminui
o angulo de impacto. Isto, porém , ndo afeta significativamente o valor
médio do coeficiente de transferéncia de calor.

Liu et al [26] apresentam um modelo para a distribuigdo de h
para um escoamento laminar e turbulento a partir de impacto normal de
jato liquido sobre uma superficie plana.

Stevens et al [27] apresentam um estudo que caracteriza o
coeficiente de transferéncia de calor em impacto normal de um jato
liquido e circular.

Hricak [28] estuda a transferéncia de calor em jatos de ar em
meio ar que impactam sobre uma superficie hemisférica cdncava,
apresenando correlagbes para o coeficiente médio € no ponto de
estagnacéo.



5.MODELOS ESCOLHIDOS

Os modelos propostos pelas referéncias [26], [27] e [28] foram
escolhidas para a aplicagéo numérica pelos seguintes motivos :

» estudo de jato liquido (exceto [28]) e circular;
« impacto em superficie curva (em [28])

« apresentam correlagdes para a obtencdo da distribuicéo de
transferéncia de calor,;

« estas correlagbes tém sua faixa de validade abrangendo as
condi¢gbes do probiema (Re, Pr, d, Z);

« *comprovagéo experimental de seus resultados.

« A seguirr os modelos escolhidos s8o descritos
sucintamente.

5.1.Modelo A

Liu et Al. [26] apresentam um modelo para a determinagéo do
coeficiente de transferéncia de calor de um escoamento sobre uma
superficie plana a partir da incidéncia normal de um jato liquido, circular,
sem mudanca de fase. O escoamento laminar é dividido em quatro fases
diferentes, de acordo com a figura 5.1:

a) regiao de estagnacao;

b) regido onde nem a camada limite térmica nem a cinematica
atingiram a superficie;

c) regido onde a camada limite cinematica ja atingiu a superficie
e, por fim;

d) a regido onde ambas as camadas limite atingiram a superficie.

As correlagtes desenvolvidas para cada uma das regiées bem
como sua faixa de validade encontram-se na tabela 5.1. Em comparagéo
com resultados experimentais, as correlacbes apresentaram erro menor
que 10 %.
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5.2.Modelo B

Stevens et Al [27] apreseniam um ouiro modelo para o
coeficiente de transferéncia de calor baseado ho escoamento a partir do
impacto normal sobre uma superficie plana com fluxo de calor constante
de um jato liquido circular, fase Unica. Os parametros considerados
experimentaimente sado : ntimero de Reynolds (Re}, didmetro do bico (d)
e distancia do bico até a superficie (z).As correlacdes obtidas encontram-
se na tabela 5.2, bem como a faixa de validade. As correlagdes
obtiveram erro percentual de 8 % em relagio a experimentos realizados
pelos autores.

Faixa de Aplicagéo :
Ndmero de Reynolds (Re) 4000 - 52000

Zona de estagnacéo

Nu, =2,67-Re®7. prO4. (71 a) 09336 . (y 1 )02
ondeVéa veloéidade de saida do jato.

Nusselt local

Nu!Nu,={CT +f@ridyfy VP
onde : P=90

C=1,0
f(r/d)y=a "D

Diametro (mm) 2.20 2.30 4.10 5.80 8.90
a' 1.13 1.1411 1.34 1.48 1.57
b' -0.23 0.2395 -0.41 -0.56 -0.70

tabela 5.2



5.3.Modelo C

Outro modelo é proposto por Hricak [28] que estuda a
transferéncia de calor com medigdo do perfil de velocidades e
distribuigéo de pressdo estatica no impacto de jatos de ar em meio ar
com as seguintes condicdes :

numero de Reynolds (Re) : 1200 a 88000

relagéo entre a distancia do jato e didgmetro (Zn/d) : 3 a 20

A partir de medigdes experimentais, Hricak observou que a
curvatura da superficie de impacto néo altera a troca de calor na regido
de estagnacao.

As correlagbes apresentadas s&0 :

1) Nusselt médio :
07

Nu,=2,51-Re d°’6°4-Pr°’33~(d/dp)l
2) Nusselt na zona de estagnagéo :
Nu, = 0,798-Re, . Pr*.(Z [ d)
onde: d: didmetro do bico;

dp . didmetro do prato (pistéo);

Zp, .distancia entre o bico e a superficie de impacto.




6.APLICACAO NUMERICA

Apods a escolha dos modelos, para simular numericamente a
distribuicdo de temperaturas no pistdo, construiu-se uma malha com a
geometria de um pist&o Diesel real para avaliar a validade dos modelos
definidos em uma condi¢do de Poténcia Maxima através do programa

ANSYS verséo 4.2,
6.1.EXECUCAO DA MALHA

O modelo Axissimétrico bidimensional {2-D) foi feito baseado
nas informagdes contidas nas referéncias do Apéndice Il.e com o suporte
técnico dado pelos analistas da Metal Leve S.A.

Duas mathas foram geradas sendo a UOnica diferenca =z
presenca da galeria de refrigeracéo.

O procedimento bésico adotado para a construgdo da malha
foi :

1) A partir dos desenhos de fabricacdo do pistdo, escolheu-se
pontos basicos (keypoints) que definem a geometria superficial do pistao;

2) Unido estes pontos com curvas ou retas, sempre seguindo a
risca & geometria do pistdo, obtemos um contorno fiel de sua forma

(fig. 6.1);

3) A area interna deve, entdo, ser dividida em regides, pois a
discretizagio deve ser feita sobre uma éarea quadrilétera (fig. 6.2);

4) Definido o tipo de elemento para simulagdo (STiFF=55),
discretiza-se cada regido, escolhendo os nlmeros de subdivisbes em
cada face dos "quadriiateros” (fig. 6.3 e 6.4).

Prontas as malhas, deve-se associar as propriedades dos
materiais (no caso, a condutividade térmica do aluminio e do porta anel)
e também, determinar as condigdes de contorno, que para a simulagéo
de distribuicio de temperatura devem ser o coeficiente de pelicula h e a
temperatura da face para todas as superficies do pistdo, que sdo
atribuidas a face de cada elemento definida entre 2 nés.



A simulag&o do tipo Kan=-1 (Distribuicdo de Temperatura) e o
ntmero de iteragées (ITER) devem ser estabelecidos e o arquivo de
entrada para a execugdo da simulagdo propriamente dita deve ser
gerado a partir do comando AFWRITE (FILE27.DAT).

As condicdes de contorno aplicadas, incluindo-se um valor
médio empirico para toda a parte inferior do pistdo estdo mostradas na
tabela 6.1 a seguir, relacionada a figura 6.5, representando uma
condi¢@o de poténcia maxima :

REGIAO H [W/vME. C] T1°C
1 630E-6 850
2 915E-6 850
3 916E-6 850
4 631E-6 850
5 712E-8 160
6 4104E-8 160
7 11638E-6 160
8 712E-6 140
9 10000E-6 140
10 712E-6 130
11 4104E-6 130
12 712E-6 120
13 712E-6 110
14 712E-6 100
15 4200E-6 120

tabela 6.1
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6.2. DADOS NUMERICOS DO JATO

Os dados numéricos necessarios para a aplicagdo numérica dos
modelos estdo listados abaixo :

diametro do pist&o : 137 mm
disténcia do jato ao centro do pistdo (fimpacto): 44,53 mm
altura de impacto no BDC (Z) : 54,65 mm
curso do pistéo (h): 165 mm
diametro do Cooler Jet (d): 23 mm
temperatura do éleo : 100 °C

tipo de dleo ; 15W - 40

vazéo de 6leo : 4,8 (8.10°5) litros/min.(m?*/s)
calor especifico (Cp) : 2,219 kd/kg.K
condutividade térmica do 6leo (kgjeo): 0,137 Wim.°C
viscosidade cinematica do dleo (V) : 14,1.10°% m?/s
massa especifica do 6leo {p) : 847 kg/m®
condutividade térmica do aluminio (kgluminio) : 137 Wim.°C
condutividade térmica do ago (kago) 40 Wim.°C
numero de Reynolds : Re

numere de Prandtl : Pr

numero de Nusselt : Nu



Célculo de parametros :

V-z-d’ 4-Q
= =>V=
¢ 4 m-d?
Re=;d
v

c o €, U-p
Bty = Geill_ G =193 .4
T %

Velocidade de Saida do Jato : ¥=19,2550 m/s




6.3. APLICACAO DOS MODELOS

Os modelos escolhidos devem ser adaptados &s condigdes do
problema de acordo com os dados da segéo 6.2 e medidas inerentes 3
geometria do pistdo escolhido, substituindo assim o valor constants da
regigo 14 da tabela 6.1 (712E-06 W/mm2.°C) atribuido pelo modelo atual
a parte inferior do pistéo.

O modelo A fornece correlagfes para o calculo do nimero de
Nusselt para diferentes regides do escoamento assim como as
amplitudes de validade das mesmas. O modelo B fornece uma correlagao
para o ponto de impacto (zona de estagnagiio) e uma fungdo de
dependéncia para o calculo de Nusselt local. O modelo C também
fornece uma correlagdo para a regiso de estagnagdo e outra para o
célculo do valor médio de Nusselt de acordo com o didmetro total.

Os modelos A e B foram preparados em duas versdes cada
um : a 12 verséo dos modelos considera a distancia radial como o
comprimento caracterfstico para céiculo, enquanto que a 22 versdo
considera a distancia superficial para este fim. As distancias radiais sdo
tomadas em relagée ao ponto de impacto.

Todos os célculos estéo demonstrados sucintamente a seguir.



6.3.1 Modelo A

Para este modelo os valores calculados s&o os mesmos para
as duas versées (radial e superficial).

1. Stagnation Zone

0<r/d<0,787
0<r<1,8101mm

Nuy =0,797 -Re ;% - Pr!3
Nu, = 258,3078
h=15386,16 W/m?.°C

3.Boundary Layer

2,23<r/d £0,1773-Re,; ' = 2,5965

5,1290 < r < 5,9720mm

d /2
Nuy = 0,632-Red1/2-Pr”3-[—~) =131,8543
r

h=17853,93W/m>.°C
4.Similarity Region

2,5965 <r /d £1200-Re ;%42 = 40,1259
5,9720 <7 < 92,2896mm



Ynédio = 49,1308mm

d 2/3
0,407-RedU3-Pr"3-(—)
Nud = r

2 2/3 53
ey [ = s cs+1-(ﬁ)
r Red-d 2 \d

172
0,267 (i)
ra

G- ()
E L
2 2 \d
[0,1713-(1) +5’147'r°}

o

Nuy =5,5785
h=332,28W/m?*-°C

5.Transition Laminar to Turbulent

1200-Re; 9422 = 40,1259 <7 /d <2,8-10* -Re,; %8 = 117,2631

92,2896 <r <269,7051mm
r=180,9974mm

r=r =92,2806mm—r, /d=40,1259

d 2/3
0,407-Red”3-Pr1’3-[—)

aV s1a1.r ] 1 (V]
0,1713-[—) N LEE S C3+_.(f_)

F Red-d 2 \d
Cs = 184,9388

- Nuy =1,8003
Nutyrp(tp)

Nud =




1, =269,7051mm

" =117,2631
8-Red°Pf-f(Cf,Pl')

rj\d d £

1/4
e -1/4 (1 =
Cf ~0,073-Red (EJ =0,0321

5/4
h=d. M.(L) +C.£
Red1/4 d r

517,000 ()4
Red'd Red1/4 d ’

1
;C
1,07+12,7-(Pr?3-1). 7f
- Nuy =0,2062

Portanto para a Regiéo de Transicéo :

Nud =

onde C =0,1713+

h=2,4835mm

= (,0003

Cy
f(CpoPr)=st=—L.

Nug=1,0078
h=60,03 W/m?.°C




6.3.2 Modelo B

Neste nodelo os calculos para as duas versées diferenciam-se
ponto de impacto. A partir da aplicagéo
das férmulas abaixo, obtemos os valores para a regido de estagnacéo e
regides afastadas da seguinte maneira :

nas regides mais afastadas do

Zopa de estagnacso

Nu, =2,67-Re®7.prO4. (7 /)093 (3 / 7y0237

Nusselt local

Nu!Nu,={CF + f(r/dyPyVP

onde : P=90

C=10

frid)=a .

Didmetro (mm) 2.20
a' 1.13
b’ -0.23

Versido 1

Regifo de Estagnacgio :

%,:ons

0<r<1,725mm
%, =23,7609

e -1
4_8371,7381s
- Nu , =222,8370

h=13273,33W | m2.°C

2.30 4.10 5.80

1.1411 1.34 1.48
-0.2395 -0.41 -0.56
tabela 6.2

8.90
1.57
-0.70



Valores Locais :

Regifio A
L,725<r < 5mm
Védio = 3,3625mm
f(r,d)=0,8040

Nu X
Afua 0,7928
- h=10517,79W | m2-°C

Regidio B

15<7 < 10mm
Tmédio = 1,5mm
S(r.d)=0,5226

Ni -
%fuo =0,5224
= h=6933,99W | m2°C

Regifio C Centro

10<r <44,53mm
Vusdio = 27,265mm
Sf(r,d)=0,0660 .

N =
%Vuo =0,0660
h=876,04W [ n?.°C




Regifio C Saia
107 <18,07mm
Tédio = 14,035mm
JS(r.d)=0,2646

N Y o
%Vua =0,2646
o h=3512,12W.m%°C

Verséo 2

Reqi&o de Estagnacso :

=075

0<r<1,725mm
%, =23,7609

L -1
77d =8371,7381s
. Nu, =222,8370
h=13273,33W | m*-°C

Valores Locais :

Regido A
1,725<r < Smm
Fuddio = 3,3625mm
S(r,d)=0,8040

Nu =
A,uo =0,7928

- h=10517,79W [ m*.°C



Regido B Centro
55r<18,19mm
Vpédio = 11,365mm
S(r,d)=0,3044

Ni -
%Vuo =0,3044
- h=4040,15W | m>°C

Regido B Saia
5<r<37,39mm
Vsdio = 21,195mm
f(r,d)=0,0995

Nu/ -
%Vuo = 0,0995

- h=1321,16W / m?-°C

Regido C Centro

18,19 <r <46,54mm
Fsdio = 35,365mm
J(r,d)=00271

Nt - .
%fuo =0,0271

h=876,04W [ m*.°C

Regido C saia
37,39 <r <100,86
Fonsdio = 69,125mm
S (r,d)=0,0004

N%Vuo =0,0004
- h=4,98W.m2.°C



6.3.3 Modelo C

Neste modelo s&o calculados os valores para o coeficiente de
transferéncia de calor no ponto de estagnag&o e um valor médic para os
outros pontos da superficie.

Zona de Estagnacio

7 -0,22
Nu, = 0,798 Re;%0%4. py04 (’j‘)

Nu, =422,78
- h=25183,000 / m*-°C
Nusselt Médio

1,07
Numédio =2,51. Red°=6°4 . Pr0’33. (d.i]
P

Numédio = 53,84
o Pggio = 3207, 2W | m2-°C



6.3.4 Resumo

Em resumo obtemos os seguintes dados para a execucgéo
numérica (tabelas 6.3) :

Obs. : r (mm) é a distdncia em relagdio ao ponto de

impacto com valores negativos para o lado do centro do pistdo

tabelas 6.3

NG r (mm) Liu - v1 NG r (mm) Liu - v2
313-336 | -44,53a-5,972 332.28 313-365 | -46,542-5972 332.28
336-351 | -5,972a-5,1290 | 7853.93 365-379 | -5,972a-5,129| 7853.93
351-393 | -5,129a-1,8101] 10798.57 379-407 | -5,129a-1,8101] 10798.57
393-996 |-1,8101a 1,8101] 15386.16 407-996 | -1,8101a 1,8101] 15386.16

996 - 1035 | 1,810125,129 | 10798.57 996-1035 | 1,8101a5,129| 10798.57
1035-1036 | 5,12925.972 7853.93 1035-1036 | 5,12925,972 7853.93
1036 - 1188 | 5,972 a 18,07 332.28 1036- 1188 | 5,972 a 100,86 332.28
NG T (mm) “Stevens - v1 NG T (mm) Stevens - v2
313 - 334 -44.53 2 10 876.04 313-333 | 46,54a-18,19 359.85
334 - 337 -10a-5 6933.99 333 - 337 -18,19 a -5 4040.15
337 379 5a-1,725 10517.79 337 - 379 5a-1,725 10517.79
379 - 996 -1,725a 1,725 13273.33 379 - 996 -1,725a 1,725 13273.33
996 - 1035 1,7252 5 10517.79 996 - 1035 1,725a 5 10517.79
1035 - 1039 5al0 6933.99 1035 - 1036 5218,19 1321.16
1039 - 1188 102 18,07 3512.12 1036 - 1188 | 18,19 a 100,86 4.98
N6 r (mm) Hricak
313 - 393 -44,53 3 -1,725 3207.2 Obs. : Valores em W/m?°C
393 - 996 -1,725a1,725 | 25183.09
1036 - 1188 | 1,725 a 18,07 3207.2




7. RESULTADOS

7.1. Modelagem de Jatos de Refrigeracio

Escolhidos e definidos os modselos, a simulagéo numérica foi
executada e os perfis obtidos para cada caso para as duas geometrias,
assim como tabelas comparativas de valores pontuais de temperatura em
pontos estratégicos do pistéo.

Os perfis de temperatura gerados estso apresentados nas
figuras 7.1 a 7.12, as temperaturas pontuais estdo apresentadas nas
tabelas 7.1 a 7.3 e os valores médios dos cosficientes de transferéncia

de calor estéo no gréfico 7.1.
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7.2. Variagdo do Posicionamento de Impacto

A partir da definic&o de um modelo, o ponto de impacto do jato
no undercrown (44,53mm em relagéio ao centro do pistéo) foi deslocado
em intervalos de 10 mm para o lado do centro do pistéc a fim de se
avaliar a influéncia do mesmo no perfil de temperaturas no pistéo para as
duas geometrias gerando novos perfis (figuras 7.13 a 7.20) e
temperaturas nodais (tabelas 7.4 e 7.5 e gréficos 7.2 e 7.3).
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Distribuicdo de Temperaturas Pontuais
Variagao de Posicionamento de Impacto

.

Modelo Liu - V2 44,53 34,53 24,53 14,53 4,53
Borda de Cimara 316.1 295.8 206.2 2977 300.1
Centro da Camara 321.8 271.7 251.5 249.7 278.7

1a Canaleta 264.3 2428 243.1 2448 246.9

Topo da Galeria 251.1 2206 221.3 2238 227.7

Fundo da Galeria 165.1 142.5 146.9 150.8 155.6
Centro do Undercrown 286.4 233.6 209.5 197.2 210.3

Dol




Distribuicdo de Temperaturas Pontuais sem
Galeria
Variagdo de Posicionamento de Impacto

e

Modelo Liu - V2 44,53 34,53 24,53 14,53 4,53
Borda de Cémara 316:1 314.3 3178 321.8 327.3
Centro da Camara 321.8 293.4 272.4 2729 31141

1a Canaleta 264.3 262.6 266.1 270.4 276.3

Topo da Galeria 251.1 248.0 253.2 250.9 268.9
Fundo da Galeria 165.1 184.5 194.8 203.1 2229
Centro do Undercrown 286.4 256.2 230.4 218.1 236.6




Variagao da Distribuigéo de Temperatura com posigéo de

Impacto
Pistdo com Galeria

350.0

N
=]
=
o

Temperatura

150.0

100.0

44,53

34,53 24,53 14,53 4,53
Distancia Radial de Impacto

G /f-() { i

N

—®—— Borda de Camara
—0—— Centro de Camara
—*—— 1aCanaleta
—>— Topo da Galeria
—%— Fundo da Galeria

—&— Centro do Undercrown




Variagdo da Distribuigéo de Temperatura com posigédo de
Impacto

Pistdo sem Galeria

C)

(.

N
h
o
o

Temperaturg

350.0

300.0

200.0

150.0

100.0

44,53

Distancia Radial de Impacto

nr’"/KO ZT

V

= /é
’ —®— Borda de Cdmara
J%“}E};:) —0O— Centro de Camara
’ . \j& e — % 1a Canaleta
j/ —<—— Topo da Galeria
N —%— Fundo da Galeria
—®— Centro do Undercrown
34,53 24,53 14,53 4,53




8. ANALISE
8.1. Modelagem de Jatos de Refrigeracdo

Apds a execugiio do modelo atual e dos 5 modelos propostos
para ambas as geometrias (pistédo com e sem galeria), pode-se analisar a
validade dos mesmos a partir dos perfis de temperatura interna obtidos
(figuras 7.1 @ 7.12) e das tabelas com as temperaturas pontuais (tabelas
7.1 a 7.3) e valores médios de coeficiente de transferéncia de calor
(grafico 7.1).

O modelo proposto por Hricak (figuras 7.6 e 7.12), além de
apresentar altos valores de erro, tem 0 maior valor do coeficiente de
transferéncia de calor médio (gréfico 7.1).

Pode-se verificar que as diferengas entre os erros as versdes
1 e 2 dos modelos de Liu e Stevens néo s&o distantes, mostrando que
esta variagdo de modelagem néo influencia muito no resultado final.

Em relagdo ao modelo atual, as regides mais criticas de
comparagéo destes dois modelos (Liu e Stevens) sdo as proximidades da
galeria de refrigeragéo. Fora destas regides, os resultados s3o da ordem
de menos de 10% no pistdo com galeria. No pistdo sem galeria, a
sensibilidade do perfil em relag&o a distribuicdo de h no undercrown
aumenta e também os erros relativos.

Em relagéio aos valores medidos ha um acréscimo nas
diferencas dos valores no centro da cdmara e no undercrown.

Apesar de o modelo Liu versfo 2 (figuras 7.5 e 7.11)
apresentar os maiores valores de erro percentual na comparacdo com os
valores medidos para o pistdo com galeria, pode-se verificar que este
modelo apresenta os menores erros na comparagéo com o modelo atual
que vem sendo utilizado no desenvolvimento de novos projetos de
pistdes, com resultados satisfat6rios.



8.2 Variagdo do Posicionamento de Impacto

A partir do modelo Liu (vers&o 2) original, a posicdo de
impacto foi deslocada em intervalos constantes de 10mm em diregdo ao
centro do pistéo. Os resultados (tabelas 7.4 e 7.5, gréficos 7.2 e 7.3 e
figuras 7.13 a 7.20) devem ser comparados aos perfis obtidos com
impacto original (44,53mm em relagéio ao centro do pistéo, figuras 8.5 e
8.11).

As tabelas 7.4 e 7.5 juntamente com os gréficos 7.2 e 7.3
mostram que ha sensivel diminuigéo de temperatura no centro da camara
e fundo do undercrown para o pistdo sem galeria. Este efeito se repete
para o pistéo com galeria mas acompanhado de diminuigdo em todos os
pontos quando impactamos em 34,53mm.



9. CONCLUSAO

Neste trabalho, um modelo de distribuicdo de cosficiente de
transferéncia de calor por convecgao (h) para a parte inferior do pistéo
(undercrown) foi obtido a partir de um conjunto de modelos oriundos de

uma pesquisa bibliografica.

Para verificac8o destes modelos, estes foram aplicados em
simulagdo numérica (Método dos Elelentos Finitos) e seus resultados
comparados com valores de temperaturas pontuais medidos além do
perfil do modelo utilizado atuaimente.

O modelo (Liu - versdo 2) foi escolhido em fungéo da analise
do perfil de distribuicdo interna de temperatura e comparacdo de
temperaturas pontuais (nodais) em alguns pontos estratégicos do pistdo
com valores medidos experimentalmente e pirncipaimente com o perfil
gerado pelo modelo atual, cujas isotermas tem se mostrado compativeis
com os resultados obtidos durante o desenvolvimento de pistdes. A partir
do modelo escolhido, variou-se a posi¢ao de impacto do jato para que a
influéncia deste parémetro pudesse ser avaliada, mostrando que existem
pontos étimos de impacto para a refrigeracéo de determinados pontos do
pistao.

Algumas sugestdes para a continuidade deste trabalho :

» Inclusédo da dinamica do pistao (movimento alternativo da
superficie de impacto) nos modelos dos jatos, com
distribui¢do 3-D;

¢ Refinamento da aplicag@o do modelo na simulagéo
numérica (aumento nas faixas de aplicacdo dos modelos);

o Otimizagao do projetoe do pistéo, com base na analise da
varia¢éo do posicionamento de impacto do jato.
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Introduction

Convective Heat Transfer by
Impingement of Circular Liquid
Jets |

The impingement of circular, figuid jets provides a convenient method of cooling
surfaces. Here, jet impingement cooling of uniformly heated surfaces is investigated
analytically and experimentally for stable, unsubmerged, uniform velocity laminar
Jets in the absence of phase change. Analytical and numerical predictions are de-
veloped for a laminar radial Jilm flow. Experiments using undisturbed laminar jets
were performed to determine local Nusselt numbers from the stagnation point to
radii of up to 40 diameters, Turbulent transition in the Jilm flow is observed ex-
perimentaily at a certain radius. Beyond this transition radius, a separate turbulent
analysis is constructed. Integral method resulls are compared to numerical results,
and Prandt! number effects are investigated, The predictions are found to agree welf
with the measurements Sfor both laminar and turbulent Sflow. Predictive formulge

are recommended for the entire range of radii. 3

Cooling a surface with an impinging liquid jet is an attractive  deny the presence of a similarity region, However, no conclu-
technique because of its high efficiency anc unsophisticated  sive evidence showed that the dropped, bucyant cork actually
hardware requirements. Applications of jet impingement cool- moved at the liquid surface speed. Since the experimental ap-
ing are varied, and include processing of both metals and proach of Azuma and Hoshing is clearly more accurate, we
molded plastics, cooling of high-efficiency (aircraft) generator  are inclined to give their conclusions graater weight. For the
coils, and cooling of certain electronic modules. Such jetslend  details of Watson'’s flow field, the reader is referred to his
themselves to either convective boiling or to norevaporative paper. His expressions, and those of a later independent study
convection, but in both situations the cooling efficiency varies by Sharan (1984), are quoted hereinafter when needed,
with the radial distance from the point of impact. In this study, Azuma and Hoshino measured the turbelent transition ra-
we consider the impingement of a circular, unsubmerged, lam-  dius in their system (which used an annular orifice mounted
inar liquid jet on a surface of uniform heat flux. Convective on the plate, rather than an actual impinging jet) and also
transport, without change of phase, is analyzed theoretically measured the subsequent velocity profiles. The turbulent film
and experimentally, taking account of both the initial laminar  was well characterized by standard boundary layer results, bui

flow and the downstream turbulent flow.

it did appear to show relaminarization farther downstream as

An axisymmetric, laminar impinging jet spreads into a thin, the film slowed and its stability increased. '
laminar liquid film when it impacts a plane surface normal to Using Watson’s similarity solution, Chaudhury (1964) ana-

its axis (Fig. 1). The hydrodynamics of this

film have previously lyzed the heat transfer from an isothermal wali in terms of a

been studied theoretically by Watson (1964} and experimentally  series solution for the similarity region and an integral solution
by Azuma and Hoshino (19844, 1984b, 1984c, 1984d) and by  forthe boundary layer region; Carper (1989) has also presented
Olsson and Turkdogan (1966). Watson divided the flow ra- asolution to that problem. Liu and Lienhard (1989) developed
dially into a stagnation region, a boundary layer region with  predictions of the Nusselt number for uniform heat flux using
surface velocity equal to Jet speed, and a region of viscous an integral method and presented limited comparisons to ex-
similarity with decreasing surface velocity; he noted that the ’

film flow would be terminated by a hydraulic jumpatalocation

independently controlled by downstream conditions, The
thickness of the film initially decreases and then increases with

radius as viscous wall effects slow the spreading film. Watson [\O
employed both viscous similarity and momentum integral so- ™
lutions.

Watson’s theoretical expressions for the laminar boundary
layer and similarity region velocity profiles and film thickness 2
were experimentally verified by Azuma and Hoshino (1984b, -
1984c) using Iaser-Doppler measurements. This is in contrast
to the results of Olsson and Turkdogan (1 966), who measured |
the surface velocity by dropping bits of cork onto the liquid, )
Olsson and Turkdogan found Poor agreement with Watson’s

o Py =
predictions, observing a constant surface velocity lower than 7 P R . 7:3_) .D
the jet speed, and their results have sometimes been used to = — I',T s (EEaaas Lz ',',,' 7 (77T
" toarlary vy Viserma Saprlarty i 2 Fally Turbulent
'Present address: Leutron Corporation, Allentown, Pa,
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perimental data. Wang et al. (1989a, 1989b, 1989c¢) gave de-
tailed theoretical solutions for heat transfer in the stagnation
and boundary layer regions; these solutions account for vari-
able wall conditions as well as for conjugate heat transfer
between the jet and the wall. They did not consider the down-
stream similarity region, in which surface velocity declines with
radius; at common Reynolds numbers, the stagnation zone
and boundary layer regimes are confined to radii of 3 to 7
diameters from the point of impact. When a jet is used to cool
large areas, the similarity region and turbulent transition must
also be accounted for. )

Experimental studies have been few, particularly in regard
to local, rather than average, heat transfer. Ishigai et al. {1977)
measured local heat transfer coefficients in the hydraulic jump
region and presented a limited, graphic set of data for the local
heat transfer coefficient in the plane of impact. They men-
tioned that the data showed a downstream transition from
laminar to turbulent flow; their jets were produced by a short
tube, three diameters in length. Stevens and Webb (1989) in-
vestigated turbulent impinging jet heat transfer experimentally
and developed a correlation for Nu,. Their data are confined
to r/d < 15 and their correlation is accurate in a region r/d
< 5 for d= 2.2 mm and a smaller region for larger diameter
of jets. The radial transition from laminar to turbulent flow
was not mentioned, but it must be noted that their Jjets were
deliberately made turbulent prior to impact.

Nakoryakov et al. (1978) used electrodiffusion to obtain
local mass transfer coefficients beneath a laminar jet and com-
pared them to an appropriate boundary layer analysis. Their
study applies to very high Schmidt number (S¢ >>1) and a
boundary condition of uniform wall concentration, corre-
spondent to uniform wall temperature conditions at Pr > 1.

Their experiments showed the mass transfer coefficient to rise
above the laminar prediction downstream, and they argued
this to result from surface waves. However, the present results
suggest that transition to turbulence is a more likely cause in
their range of Reynolds number. The incoming jet velocities
for their experiments were calculated on the basis of the ap-
parently theoretical stagnation zone result

Nu;=0.753 Pr'/? Re}? 1)
where / is the radius of their electrodiffusion probe. However,
this correlation was not independently corroberated in their
paper.

The present paper develops radially complete results for the
liquid film heat transfer with uniform heat flux; most of these
results are analytically derived, and all are validated experi-
mentally. Particular attention is devoted to the similarity re-
gion, employing numerical solutions for the uniform flux
condition (which is not seif-similar) to investigate the role of
wall boundary conditions, simplified correlations, and the in-
tegral method prediction of a critical Prandtl number above
which the thermal boundary layer does not reach the free
surface (Liu and Lienhard, 1989). Qur previous integral method
solutions are extended to include Pr < 1. The laminar pre-
dictions are then compared to new experimental data from an
experimental apparatus configured to achieve very clean, sta-
ble, laminar jets. The laminar predictions are generally found
to agree very well with the data. In addition, turbulent tran-
sition is observed in the similarity region, and separate ana-
Iytical predictions are developed to account for the turbulent
augmentation of the heat transfer. A correlation is given for
the turbulent transition point.

Nomenclature
r = radius measured from
point of jet impact T, = measured temperature on
¢p = heat capacity r, = hump radius, at which the back of the heater
C. = jet contraction coefficient turbulence is fully devel- Ty = free surface temperature
= 0.611 oped T, = liquid saturation tempera-
Cy = friction factor r, = radius at which 6 reaches ture
d = contracted jet diameter = the surface of the liquid T, = wall temperature on the
C. X (diameter of ori- sheet liquid side of the heater
fice) r; = radius where thermal ulr, y} = radial velocity distribution
S’ (n) = similarity function, equa- boundary layer reaches in liguid film
tion (24) the free surface for uy = velocity of impinging jet
h = local thickness of liquid Pr>1 Upax = local maximum film ve-
sheet rr; = location of the initial locity {liquid free surface
k= liquid sheet thickness at temperature profile given velocity), equal to uyin
the position where ther- rrp = radius where thermal regions 2, 2/, and 3/
mal boundary layer boundary layer reaches ¥ = distance normal to the
reaches the free surface the free surface for wall
h; = liquid sheet thickness at Pr<i z = distance between nozzle
transition point from r.; = location of the initial ve- and target plate
laminar to turbulence locity profile given 6 = viscous boundary layer
hry = liquid sheet thickness at r; = radius at transition point thickness
rro from laminar to turbulent 8, = thermal boundary layer
k = thermal conductivity of flow thickness
the liquid R = Reynolds number defined A = 6/h
k, = thermal conductivity of by Watson = 2Q/dv = Arg = Aat reg
the heater i (7/2) Rey € = (t/d);e* is the order of
Nuy = Nusselt number = g/ Rey; = Reynolds number of the radial to" vertical condue-
k(T,-T)) jet = ud/p tion in the heater sheet
Nu, = Nusselt number based on St = Stanton number = g,/ n = similarity variable
r, = qu/k(T,—Ty) = PCttmax (Too— Ty) # = nondimensional tempera-
Nuy(r/d) t = heater sheet thickness i
Pr = Prandtl number T(r,y) = liquid temperature distri- # = dynamic viscosity
gw = wall heat flux bution » = kinematic viscosity
Q = volume flow rate of jet = T, = jet temperature at im- e = density
urxd*/4 pingement ¢ = 874,
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2 Predictions From the Laminar Theory

2.1 [Integral Solutions for the Heat Transfer: Pr = 1. In
a previous study (Liu and Lienhard, 1989), we obtained integral
solutions for the heat transfer in the boundary layer and sim-
ilarity regions for Prandil number greater than the unity. The
regions identified and results found are as follow (see Fig. 2a):

Region 1. The stagnation zone.

Region 2, 6< h region: Neither the thermal nor viscous bound-
ary layer reach the free surface; surface temperature and
velocity, Tyrand ug,,, are the inlet temperature and velocity,
Trand up,

Region 3. §=h and §,< h region: The viscous boundary layer
has reached the free surface. The velocity outside the viscous
boundary layer decreases with radius, but the surface tem-
perature remains at the inlet temperature, T

Region 4. 6=, §,=h, and T, < Ty region: In this region, the
thermal boundary layer has reached the surface of the liquid
sheet, and the temperature of the liquid surface increases
with radius,

For region 2, the boundary layer region follows the stag-
nation zone;

172
Nuy=0.632 Rel? pr'/? (‘—:) (¥))

Region 2 ends and region 3 begins where the viscous boundary

layer reaches the film surface at r= r0=0.1773d Re)/*, Inregion
3:

Journal of Heat Transfer

d 2/3
0.407 Rel/? pri/3 (;)

e N 5147717 1 /)2 7 )
lo.l713(;) + Rede l 5(5) +C3J
where?
0.267(d/ry) 2 1{r\?
G= ) 2 @

d\? 514717 2
0.1713| =) +—=22
[ 171 (fo) Redd
Region 3 ends and region 4 begins where the thermal boundary

layer reaches the liquid surface at r= Iy; equations defining r,
are given in our previous paper. In region 4:

0.25

I r B F4 2 h h
1 [
-=} (=) +0.130 =+0.0371 B2

PrRed (1 rz) (d) i3 d 3 d

where 4 is given by equation (20) below. Note that region 4
will occur only for Pr less than a critical value near five’;
otherwise, the thermal boundary layer does not grow fast
enough to reach the surface of the liquid film, which thickens
at increasing radius owing to viscous retardation. This Prandt}
number prediction is of particular interest, and we shall explore
it further using numerical solutions for the viscous flow regime
below. Regions 3 and 4 correspond to Watson’s self-similar
viscous flow regime.

2.2 Integral Solutions for the Heat Transfer: Pr < 1. As
noted in our previous paper, the region map changes for small
Prandt] number (see Fig. 2b):

Region Il. The stagnation zone.

Region 21, §,<h region: Neither the thermal nor viscous
boundary layer reaches the free surface; surface temperature
and velocity, T,y and u,,,, are the inlet temperature and
velocity, T; and uy.

Region 31, 8,=h and < h region: The thermal boundary layer
has reached the free surface. The surface temperature in-
creases with radius, but the velocity outside the viscous
boundary layer is still the jet velocity, uy.

Region 4. 5=h, 5,=h, and T, <R, region: In this region, the
viscous boundary layer has reached the surface of the liquid
sheet, and the velocity of the liquid surface decreases with
radius.

The integral energy equation may be used to estimate the
Nusselt number:

&)

5
d%.[, ru(T~ 1})dy—_-;7”r ©)
P

In region 21, we approximate the velocity and temperature
profiles as

L 18 BN
T-Tw=(T-T,) [2 572 (51) ] )

U= Upee [ = =—= | = r<éd
[2 6 2 15 ®)

=Us ryzé

These profiles satisfy no slip at the wall, have no shear or heat
flux at the free surface (i.e., negligible evaporation; Liu and
Lienhard, 1989), and match the local wall temperature. In-
tegration of equation (6) with these profiles yields

2We have here cotrected a minor typographical error in the expression for
C; appeating in our previous paper,

*Qur previous paper gave this value as 4,86, If the higher-order terms in the
integral analysis are retained, the value becomes 5,23, which is 7 percent higher
than the previcus one.
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and Cis a constant used to match to the stagnation zone. (The
stagnation zone is discussed in Section 4.4 below.) If we assume
that at the match point r,,, Nuy = Nugy, and ¢ = ¢,,, then

2
9 RedPr I'm 2 2 1 4 1 Tm
Cc== ) (1-dnt+dt~—¢') —= [Z) (1
16 Nu,, (d) ( el T o o
If 8/5,is very small and C is also negligible (as shown in section
4), equation (11) can be further simplified to

1/2
Nug=1.06 Rel/*pr!/? (g)

(12)

Region 2/ ends where the thermal boundary layer reaches the
surface of the liquid sheet at r=rp:

rro__ 0.1984Rel/*Pr'” a3

b7 §
d (1 —0,7107Pr”2)

Inregion 3/, 5, = h and the temperature of the liquid surface,
Ty is an increasing function of r. The temperature profile in
this region is

¥
T- Tw= (Ts iy Tw) [% %"'%(%) ]

Atrm, the beginning of region 3/, Nuy, = Nu am, B = hpg,
and & = 7y, where & and & can be computed from Sharan’s
equations (1984):

(14)

B oazs(®) < 100s(—2 )" (15)
d r ’ Re,d

6 & 172

E=2.679(Red d) (16)

Integration of equation (6) from r = ry, with equations (8)
and (14) gives

-1
Nu, r

()
21— %A) Re Prh r

Ah(5_3 02 3 ) _4knf5 3., 3 .,
+341(:3 20° +2so“) 3d (s 2047 355470
rrofiref 3 1
gl 2
K rh ( 8AN)NUT|]

where A = &/h. If the terms in A are neglected, this simplifies
to

a7n

Nl.lar
e 2
f h k h roht 1
L _{ )2 L fr0 . SI'1ofiT0
Re,PrA 1 (r) +0'833d 0.833 d +2 h Nur
(18)

Region 4/ begins at r, = 0.1773 dRe?, where the viscous
boundary layer reaches the surface; here, the surface velocity
decreases with radius. Sharan’s integral analysis (1984) shows
that
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Lusd®
i
Yriax S hr (19)

d\ 5.147(+*
h=01713(—} +—[ =
oxms(%) 52 ()

(Equation (20} is in good agreement with Watson’s expression -
for A, which is based on velocity profile of the similarity so-
lution.} The velocity profile is equation (8) with § = 4 and
Hpax from equation (19), while the temperature profile is still
equation (14). Atr = ry, h = hyand Nu, = Nuy . Integration
of equation (6) from r = ry yields

0.25

1 fr2gs hy h 1
—— (-} 03022 ") 16,25
Redpr(cﬁ & e Rl

2.3 Numerical Integration in the Viscous Similarity Re-
gion. In the region of viscous similarity, we may solve the
nonsimilar boundary-layer energy equation numerically in or-
der to evaluate the accuracy of the integral method solutions
for regions 3 and 4 (Pr>1) and for region 4/ (Pr<1). In
addition, we may probe the predicted critical Prandt] number
for the occurrence of region 4 and the general differences
between regions 3 and 4.

Chaudhury (1964) used Watson’s velocity similarity to trans-
form the energy equation in the film into the following form:

where

(20)

Nu = @n

3T (P +P)eT
Here, the velocity similarity profile is (Watson, 1964)
2, 23
2/ m=\3+1- 1+en [3%c(1— 7)) @3

where cn is a Jacobi elliptic function, ¢ = 1.402, the similarity
coordinate is

¥y 3/30r
f)=;i_=2'1|'2v(1f3+l:")y @4
and the length / is
[=0.3243dRe) (25)

We may nondimensionalize r and / in equation (22) with ro,
the radius at which the viscous boundary layer reaches the
liquid surface (0.1833d Re,/?, according to Watson’s analysis*).
Temperature is nondimensionalized as

3=I;r[

AT
where AT is chosen for convenience as AT = (Zrzvq,.rﬁ)/
(3\/§kQ) for uniform wall heat flux and as AT = T, - T;
for uniform wall temperature. The differential equation is then

8% FP+Pas

(26)

B_rf=Prf ‘(& 7T 37 27
The thermal boundary condition at the wall is
=3 r3
g—: =-" :’ L (28)
=0
for uniform flux and
Ol 0=1 (29)

for uniform temperature. The free surface is assumed to ex-
perience negligible evaporation or convection, so that

“Watson found a Blasius velocity profile upstream of the similarity region.
The integral method’s algebraic velocity profile gives a constant of 0.1773, rather
than 0.1833 (3.4 percent lower). To maintain consistency within each approach,
we apply 0.1773 with our integral solutions and 0.1833 with the differential
equation solutions.
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Fig- 3 Experimental apparatus: 1. Freon Hne; 2. chilled water tank; 3.
pump; 4. water supply line; 5. pressure transducer; 6. digital voltmeter;
T. pressure gage; 8. momentum dissipating plate; 9. honeycomb; 10.
sharp-edged orlfice plate; 11. plenum; 12. steel heater sheet; 13, ther-
mocouple leads; 14. pressurized plastic box; 15. ammeter; 16. volimeter;
17. 30 kW generalor; 18. comprassor; 19, heat exchanger; 20. covling
water; 21. throttling valva; 22, evaporator

|
dy e

This approximation is valid for low liquid surface temperatures
{Liu and Lienhard, 1989).

The numerical integration begins at 7 = | (r = ro). The
temperature profile at this station is the initiat condition for
the solution; tests (see below) show that the initial profile is
quickly damped and has little influence on the Nusselt number
downstream. The following initial profile was employed:

T-T, 3, 1/y\?
L Rl /7 ) G R
2&,+2(5,) r=é,

G0

(31)
= 0 (32)

which again satisfies the boundary conditions (no surface flux
and matching to T,). The wall tem perature and boundary layer
thickness were selected to match those of the upstreamn bound-
ary layer as caiculated from the integral solution. The differ-
ential equation was integrated using the Crank-Nicholson
procedure,

S<y=<é

3 Experiments

Experiments were performed to determine the wall temper-
ature distribution and Nusselt number that actually occur in
jet impingement cooling. The experimental arrangement is
shown in Fig. 3. The apparatus is in three primary parts: a
water jet loop, a refrigerating system, and an electrical heating
system.

In our previous paper, the experimental jets showed signif-
icant disturbances and sometimes splattered. To prevent splat-
tering, a new apparatus was built specifically to produce
uniform velocity-profile, laminar Jets free of the surface dis-
turbances that produce splattering (Vasista, 1989). A large
plenum with an inlet momentum-breakup plate and turbulence
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dissipating honeycomb was used to create a pressurized liquid
supply free of disturbarces from the incoming flow. The jets
studied were produced at the bottom of the plenum. The sta-
bility of liquid jets is very sensitive to the type of nozzle pro-
ducing the jet. Pipelike nozzles provide turbulent liquid to the
Jet when the Reynolds number exceeds a relatively small value
(2000-4000); this turbulence generally leads to disturbances in
the liquid surface, which are unstable and which are strongly
amplified when the jet impacts a flat surface (Errico, 1986).
In the present experiments, carefully machined sharp-edged
orifice plates were used, rather than pipelike nozzles. Sharp-
edged orifices yield laminar, undisturbed jets of high stability.
Thus, splattering was entirely suppressed in the present ex-
periments.

The liquid supply was chilled by a mechanical refrigerator
before being pumped to the plenum. The water was cooled to
near 4°C. This cooling served two purposes. The first was to
ensure that the liquid free-surface temperature would not be-
come high enough to produce significant evaporative heat loss
at any point along the heater surface (Liu and Lienhard, 1989).
The second was to increase the accuracy of the experiments:
The requirement of low evaporative loss necessitates relatively
low heat fluxes and consequently small differences between
wall and inlet temperatures. Subcooling the liquid supply max-
imized the measured AT, without creating evaporative loss,
and thus decreased the uncertainty in the measured MNusselt
number,

The liquid jets impinge on a heater made of Q. 10-mm-thick,
15.2-cm-wide stainless steel sheet. The sheet js stretched over
the open top of & 15.2 cm by 17.7 cm plexiglass insulation box
and over 2.54-cm-dia. copper rods, which serve as electrodes;
springs maintain the tension in the sheet as it expands thermally
and prevent its vibration or deflection. The insulation box
keeps water away from the underside of the heater sheet, and
restricts underside heat losses to a negligible natural convection
loss. The box is slightly pressurized with compressed air to
prevent liquid inflow. A 15 V, 1200 amp generator powers the
sheet directly; the generator was run at up to 20 percent of
full power.

The wall temperature distribution is measured by 0.076 mm
J-type thermocouples attached to the underside of the sheet
and electrically insulated from it by high-temperature Kapton
tape. Starting at the stagnation point of the jet, the thermo-
couples are placed at radial increments of 1.27 cm along the
arcs of circle centered at the stagnation point, within a sector
of very small angle, The azimuthal symmetry of the flow is
very high, and the mechanical convenience of this arrangement
was found to introduce no error.

Radial conduction in the heater sheet may be shown to be
of order ¢ = (¢/1)? relative to vertical conduction, where / js
the length scale associated with radial changes in the heat
transfer coefficient. For the jets, /is essentially the jet diameter,
d, so that € = 0.001. Radial conduction is thus negligible in
comparison to vertical conduction; a formal perturbation so-
lution of the heat equation substantiates this conclusion.

Convective backloss, via natural convection below the heater,
is likewise negligible relative to the convective cooling at the
upper surface of the heater; the back is essentially adiabatic.
At the stagnation point, backloss is less than 0.2 percent of
the total flux, owing to the very high liquid-side Nusselt num-
ber, The backloss increases downstream, as the Nusselt number
declines, but even in the worst case, at the largest radius, this
loss is less than 4 percent. Because the backioss is so small,
the temperature drop through the 0.06 mm thick Kapton tape
(which electrically isolates the thermocouples) was entirely neg-
ligible and required no temperature correction.

The vertical conductive temperature drop through the eleg-
trical heater, however, can be appreciable in regions where the
surface heat transfer coefficient becomes large, principally the
stagnation zone. Solution of the heat equation, through terms
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Fig.5 Comparison of uniform heat flux and uniform temperature wall
condltions in the viscous similarity reglon {from differential equation)

of order ¢ = {/d, shows that the ratio of the true Nusseit
number, based on liquid-side temperature (Nu, = q,.d/%(T.
— 7)) to the measured Nusselt number, based on temperature
at the back of the heater (Nu, = ¢.d/k(T, — T))) is

Nu, 1
Nu, 1-{Nu,/2

vhere { = tk/k,d relates the Biot number to the true Nusselt

number, This temperature correction was applied in reducing
the measured data. For the majority of our measurements, the
correction is less than 10 percent of the Nusselt number. How-
ever, in the stagnation region, particularly when using the
smallest orifice (3.18 mm), the correction couid be as large as
30 percent.

For each thermocouple measurement, a number of values
were taken to reduce random error. These measured values
were averaged to get the actual values for the calculations, The
thermocouples were also calibrated under isothermal condi-
tions before and after each run to reduce systematic errors.
The wall temperature increases with radius and the local Nus-
selt number is based on the temperature differences between
the wall and the incoming jets. At the stagnation point, the
temperature differences are smallest #and the uncertainty is
largest. For 3/8 in. (9.5 mm) diameter orifice it is =30 percent.
The uncertainty goes down very rapidly as radius increases
and for most positions uncertainty is less than +35 percent.
Further reduction of stagnation zone uncertainty, by increasing
the heat flux, was untenable as a result of the requirement of
minimizing downstream evaporation. The uncertainty for Rey
is less than +2 percent and that for 7 is less than +0.25 mm.

(33)
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Discussion

4.1 Comparison of Integral and Differential Solu-
tions. Numerical integration of the differential equation (22)
requires the temperature distribution at the beginning of the
similarity region. The exact temperature distribution depends
on the upstream stagnation and boundary layer regions. In
our calculations, that distribution is based on the polynomial
solution from the integral method. However, to test the effects
of this initial condition, the computation was also run with an
initially linear temperature distribution, between T, and Ty,
in the boundary layer and with a uniform initial temperature,
at T;. The bulk temperatures of these two profiles are larger
and smaller, respectively, than that of the polynomial, while
the initial slopes of the profiles near the wail are smaller and
larger, respectively. Thus, the linear profile gives a lower initial
Nuy and the uniform profile gives a higher initial Nu,. Figure
4 compares the computations for the different initial temper-
ature profiles. By r/rg = 3, the difference between the linear,
polynomial, and constant initial temperature profiles has de-
creased to less than 10 percent, and the profiles are indistin-
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guishabie at larger r/ro. Thus, the initial temperature
distribution has minimal influence on the Nusselt number in
the region far from the center, and results based on the
polynomial initial distribution are clearly satisfactory. More-
over, these tests show that the heat transfer in the stagnation
zone and boundary layer regimes have little effect on the wall
temperature at large radii,

Figure 5 compares heat transfer coefficients for uniform
wall heat flux (UHF) to those for uniform wall temperature
(UWT) from the differential equation solution. In our previous
paper, we noted that, in the boundary layer region, the heat
transfer coefficient for UHF was 25 percent higher than that
for UWT. By contrast, in the similarity region, the difference
between boundary conditions increases with increasing radius.
Once the thermat boundary layer reaches the free surface, the
energy from the wall is absorbed by the entire film, a situation
comparable to fully developed duct flow. However, the UHF
condition for the radial film differs markedly from the duct
flow, in that the heat transfer surface increases linearly with
radius. The UHF condition of the jet is akin to a duct flow
with flux increasing linearly with axial position, and such a
condition is known to produce a higher heat transfer coeffi-
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cient. This conclusion is not altered by our definition of Nu,
in terms of incoming, rather than bulk, temperature.

The figure shows that, for small Prandtl numbers, the UWT
Nusselt number decreases more rapidly than for large Prandtl
number, since the driving temperature difference between wall
and surface temperature dwindles much faster at low Pr. At
t/ry = 10, the UWT Nusselt number for Pr = 2 is only 9
percent as large as that UHF, and that for Pr = 6 is only 40
percent.

Nusselt numbers from the integral and differential equations
are compared in Figs. 6(a, ») for Pr>) and Pr<|, respec-
tively.* For Pr > 1, the maximum difference between the
integral and differential solutions is about 10 percent. The
integral solution is lower than the differential equation solution
as a result of the assumed shape of the temperature distri-
bution. The integral solution neglecis the higher order terms
in 6,/8, which should cause more error as Pr decreases toward
unity, but the comparison shows better agreement with the
differential equation solution at lower Pr. Apparently, the
neglect of higher order terms compensates for the somewhat
smoother profile of the integral procedure. For Pr< 1, Fig.

*The ordinate Nu,/Rel” follows naturally from the scaling of the differential
¢quation, but does not carry the full dependence on Re,.
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6(b) shows the simplified integral results, which neglect all
terms in ¢ or A. In contrast to Pr> 1, for Pr<1 the neglected
terms are as large as the terms retained when Pr approaches
unity. The comparison shows that for Pr = 0.1 the disagree-
ment between the integral and differential equations is more
than 20 percent. Fortunately, most liquid metals have Pr near
0.01, and for this case the simplified integral results agree with
the differential results to better than 5 percent. For farger
Prandtl numbers, the higher order terms should be retained
when calculating Nu,.

From the integral analysis, we previously found that the
thermal boundary layer would not reach the free surface for
Pr>5.2. Therefore, for Pr> 5.2, the free surface temperature
remains at T for all r according to the integral analysis. Of
course, this is an approximation based on the assumption of
a sharply defined boundary layer. Figpre 7 shows the dimen-
sionless free surface temperature from the differential equation
solution as function of r/ry and illustrates the strong influence
of the Prandtl number. For Pr = 2, the surface temperature
is more than 11 times higher than for Pr = 10. For Pr>5.2,
the free surface temperature increases much more slowly, How-
ever, the surface temperature does rise above the inlet value
for Pr> 5.2, and this is another cause of differences between
integral and differential solutions for Nuy,
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For engineering purposes, it is convenient to construct a
simplified version of the integral or differential predictions.
First, we note that, in the Prandtl number range between |
and 5.2 (for which region 4 is possible}, the difference between
the integral solutions for region 3 and region 4, if applied at
the same Reynolds number and radius, amounts to less than
3 percent. Thus, the equation derived for region 3 can usually
be applied as a good approximation in region 4 as well.

For futher simplification, we may consider r/d >> 0.322
Re'”? and neglect the terms in d/r and C, in the integral result
for region 3 (equation (3)):

2

Nug=0.172 Re, Pr'/? (i:) (34)

Correlation of the differential equation solutions (accurate to

£ 9 percent) leads to the following, similar result for ! < Pr
< 100 and 2.5 < r/rp < 100:

1.95
Nu,=0.195 Re%™ p0-38 (5) (35)

r

For the range 2.5 < r/rp < 10, a slightly better fit {to =5
percent) is
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0930 038 fd 1.80 and probably outweigh any finer adjustments of the Prandtl

Nug=0.15Rey” Pro-%¥{ = (36)  number exponents. Best agreement with experimental data was

% obtained when the values of viscosity (i.e., Re,) and Pr used

Since a turbulent transition and a hydraulic jump usually occur  in the equations were those corresponding to temperatures at
downstream, the latter equation is more useful. However, nei-  the radial midpoint of the film.

ther correlation is reliably accurate in the range l < r/ry <

2.5; this range is important in practice, and we recommend

use of the theoretical prediction, equation (3), in region 3. The

integral prediction for region 2 is equation (2). For laminar L " ! b

flow, equations (2) and (3) can be used to estimate the local ©f transmon' fr?m Iammar_ to turbulent flow. If, in addition,

Nusselt number. These predictions are compared with our ex. turl:!ulence mgn;ﬁcantly raises the Nt}sselt number above the

perimental data below, i lam1qar prediction, a separate analysis of the turbulent trans-

The preceding results do not mean that the identification of POrt Is necessary, G
regions 3 and 4 is unimportant. In region 4, liquid surface Figure 8 shows measurements of the turbulent transition
temperature increases rapidly with radius, and evaporation can radius in the present system. The transition point is easily
become very significant, Conversely, in region 3, evaporation _ identified, since the laminar liqui trans-
can be less important for low initial liquid temperature. Thus, parent, while t‘he turbulent hquld_sheet has a ro].lgh surface,
for lower Prandtl numbers, the surface temperature should Which reflects light and appears bright, The associated surface
always be estimated, and, if necessary, the adiabatic surface  Waves a’fﬁ described by Azu_ma and Hoshino (1984a) as“latt_ice-
condition should be dropped in favor of an evaporating surface  Shaped” waves. A curve fit of our data (Gabour, 1991) gives
condition, Surface evaporation was carefully suppressed in the  the transition radius as .
present experiments by cooling the incoming liquid and by R L e
limiting the heat flux, but in engineering applications, evap- (E) Res*“=1.2x10° {37)
oration will aimost always occur. Evaporation will tend to
raise Nuy(Liu and Lienhard, 1989), since it offers an additional  In their own system, Azuma and Hoshino measured
heat sink, unless it leads to fiim dryout downstream, in which =
case Nu, will drop disastrously. (—') Re}?¥=0,73x 10° (38)

The numerical solutions with constant Prandtl number sug- d
gest Nusselt number is proportional to Prandt! number to the  which shows a slightly weaker dependence on Reynolds num-
0.38 power over Prandtl number from I to 100. However, ber, but turbulent transition points normally depend on the
most liquids of high Prandt! number show a rapid decrease in  disturbances present in a specific system. Equation (37} sug-
Prandt] number with increasing temperature. Streamwise var- gests a coordinate of (r/d) Red*2, Using this coordinate, some
iations in Pr, as bulk temperature rises, are certainly important  of the present heat transfer data are shown in Fig. 9. At the

transition point, the figure shows a clear shift in the slope of

the Nusselt number, which becomes more pronounced at higher

1000 Reynolds number. The Nusselt number increases above the

laminar trend, as direct comparisons (below) illustrate, Note

that the abscissa here is chosen to illustrate the turbulent tran-

sitior, not the functional dependence of Nu, on Rey and Pr;

004" ° o thus, the curves do not collapse to a single line. Moreover, the

100 B 0 e &7 0 o streamwise changes in the Rey and Pr dependencies make it

. impossible to present all of our data, for many different con-

' ditions, on a single graph. In this and following figures, we

d=1/8 inch present enough data to illustrate the general behavior without
d=1/4 inch attempting to be exhaustive, .

The Nusselt numbers show a hump downstream of the tur-
bulent transition point. This hump corresponds to the point
at which the turbulence has become fully developed (see heat
3 R . transfer predictions below), As the Reynolds number increases,
2% | (¢ 3Ixl0t Sx |0t ixig*  the hump becomes more pronounced and occurs after shorter

Rey distance. The transition and hump radii are shown as a function
Flg. 14 Measured stagnation point Nusselt number compared to pre- of jet Reynolds number in F ig. 10. The data for the hump
diction for Pr > 3: data for several dlameters of orifice position can be correlated as

4.2 Turbulent Transition, The preceding analyses are based
on laminar fiow and consider neither surface waves nor tur-
bulent transition. Plainly, it is important to know the location

Nu,
prl3

o o e

d=3/8 inch
prediction

Table 1 Suggested formulae for local Nusselt number for Pr > o)

Region Range Nuy I
Stagnation zone 0<r/d<0.787, 0.15<Pr<ga 0.715 Rel/3p 04 -

Pr>3 0.797 Rel/?pp13

1/3

Transition: stagn. to b.] 0.787 < r/d < 2.23 (T(Pfi%)

PR - |
b.l. region (2) 2.23 < r/d < 0.1773 Re? 0.632 e}/ ?pe1 /3 (4)'7F ,
& s |
Similarity region (3 & 4] 0.1773Re}/* < r/d < 1200 Ro;0422 0407 ey "Pe (2 |

oams(ap s xgsze] ™ [sgy ]

(ro/d < rfd < r,fd) Cr= —-ﬂﬂ’hni‘_l’i’_' ~ 1wy
[o.ma(-,%) +-mn.]

Transition: laminar/turb] 1200 Re™ ™ < r/d < 2.86 X 10 Reg™ | Nupmire) + Nureg(re] = Nuim (r) 223

TA~T;
Turbulent region r/d > 2.86 x 10°Re;%58 GO — |
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(Z') =2.86x 10* (39)
Recall that the border of reglon 2 is ro/d = 0.1773Re}>. This
1mphes that if Re; > 1.1 x 10°, the transition will take place
in region 2. For the present Reynolds number range, transition
always occurs in the similarity region (region 3). Indeed, the
stability analysis of Azuma and Hoshino {1984d) suggests that
the flow will always be most unstable near the border of regions
2 and 3, with waves or turbulence commencing in the similarity
region. d

Figure 11 shows a comparison of the data to the integral
solution (equation (2)) in region 2. The agreement is generally
within the uncertainty of the data. This region is relatively
small. In this region, small concentric ripples can be observed
{cailed ‘“disturbanece’~waves These—
waves do not develop significantly, and they appear to have
no strong effect on the heat transfer.

In the similarity region, our heat transfer data show a clear
transition from laminar to turbulent flow. Azuma and Hoshino
(1984a) report a critical (transition) discharge Reynolds num-
ber, based on the jet diameter, of 4.8 X 10*. From our data
this critical discharge Reynolds number is much lower {less
than2 x 10%). This discrepancy may be caused by the definition
of the critical discharge Reynolds number adopted by Azuma
and Hoshino. They regarded the flow to be turbulent when
the so-called ‘‘sandpaperlike’’ waves are present over 50 per-
cent of the azimuthal direction, and took that discharge Reyn-
olds number as the critical value. That type of situation never
occurs in the present experiments; here with increasing Reyn-
olds number, waves and disturbances inside the liquid sheet
intensify, but the transition circle stays essentially circular and
symmetric at all Rey.

The laminar analysis predicts that for a given Rey, Nu, =
(r/d) Nuy reaches a peak value and then decreases, Figure 12,
however, shows two features that differ from the prediction.
The first is that the data break from the initially linear portion
of the laminar prediction at a higher value of Nu, than pre-
dicted. The other is a sharp peak in Nu, downstream of the
change in slope. The first feature suggests, from our obser-
vations and those of Azuma and Hoshino's (1984a, 1984d),
that the disturbance waves have intensified in this portion of
the film. They appear to increase the heat transfer coefficients
by up to 20 percent in this short region, which is just ahead
of the transition radius where sandpaperlike waves occur (see
also Fig. 13b). The second feature, the peak, is simply the
hump at full development of turbulence, as previously dis-
cussed.

The friction coefficient measurements and mass transfer
data of Nakoryakov et al. show a very similar behavior. The
primary difference is that turbulent transition, as deduced from
their friction coefficient measurements, occurs in the boundary
layer region (region 2). Their data show a single peak rather
than the pair of features seen here. This suggests that the sheet
has become turbulent before surface waves can contribute sig-
nificantly to the heat transfer. They attribute the peak to waves
rather than turbulent transition. However, for their Reynolds
number range, the turbulent transition is a more likely expla-
nation.

4.3 Prediction of Turbulent Heat Transfer. The Nusselt
number turbulent flow may be calculated wvsing the thermal
law of the wall, The Stanton numBer is defined as

S e I
pcpumu( Tw_ T.tf)
and the law of the wall may be written in the standard internal-
flow form

(40)

Cj/z
TLOT+12. WP -1

Pr)  (41)

)\/C_f/i =.f( le
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The skin friction coefficient is calcuiated from the Blasius law

o 174 7 1/4
= J, —_— =1{). riad [
C;=0.045 (um h) 0.073Re; ( d) (42)

where the 1/7 power turbulent velocity distribution produces
a maximum velocity

_lud?

R “3)

and a film thickness 4 of

0.02091 d
h= d( RelA (E) +C;) 44)
with
AT = 5.147r, 0.02091 {r,

C=0.T713+ Reyd Re/* ( d) 45)

From the above, the Nusselt number for turbulent flow may
be calculated:

8Re,P1/(Cp, Pr)

“G-rem

When Pr >> 1, the equation simplifies to

d d /4 Pr )
Nu,=0.0052re4 (4} (¢
ug=0.0052Re; (h) (r) 107+ 12.7(Pr*” — 1)V/C/2)
L

“7)

Nug= (46)

The turbulent Nusselt number is substantially higher than the
laminar Nug.

Figures 13(a, b) show the laminar and turbulent predictions
together with experimental data for two runs at different Reyn-
olds numbers. In both cases, agreement is excellent. The in-
creasing strength of turbulent augmentation with increasing
Reynolds number is also quite apparent. The only significant
disagreement observed is in the stagnation zone for lower Reyn-
olds number. Data and predictions for the stagnation zone are
discussed in the next section.

4.4 Stagnation Zone Heat Transfer. In the stagnation zone
of a body passing through an infinite fluid medium, White
(1974) finds

de 172
Nugy=G (Pr, 3)( ) {48)
where
0.53898Pr%* 0.15=Pr=<3.0
Pr, 3)=
SRR {0.6010Pr"’—0.05085 Prz3.0

:I‘he value of B = 29u/dr at the stagnation point of an inviscid
1mpm§mg liquid jet was calculated approximately by Schach
{1935)

u
B=1.76 -
d
This value should be applicable for reasonably large jet Reyn-
olds numbers.
From these results

(49)

Nu.— § 0-715Re?Pr™*  0.155Pr=3 (50)
770797 Rel/*Pr'” Pr>3

Figure 14 compares the data to the above equations, illustrating
generally good agreement. The data appear to fall below the

“Schach’s Figs. 9 and 10 arc a bit garbled, This often-quoted value is obtained
from his dp/3z and continuity.
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prediction at lower Reynolds numbers. This behavior may be
related to a decrease in the stagnation zone velocity gradient
owing to viscous effects, but further study is required.

Nakoryakov et al. (1978) measured the Nusselt number for
mass transfer beneath an impinging jet at high Schmidt number
with uniferm wall concentration. They did not directly test a
relation for the stagnation zone transport. Instead, they used
a relation for Nu (equation (1)) to calculate their jet velocities.
The relation they used seems to be quite close to that suggested
above, although its origin remains obscure (it does not appear
in the reference they cite). Nakoryakov et al. also measured
wall shear stress in the stagnation zone, but the calibration of
their stress probe was similarly based on an assumed value of
ou/ar.

Stevens and Webb (1989) used a pipe-type nozzle producing
turbulent incoming jets, and their measured Nu
are in the same general range, although a bit higher, than the
present data. They represented their stagnation zone results
by a correlation that accounts for the Reynolds number de-
pendence of the stagnation velocity gradient with a dimensional
correlating factor of uy/d

z —-1/30 u -1/4
Nuy=2.67Re%" (3) (j) Prf4 ¢n

where z is the distance of their nozzle from the heater. This
correlation shows a somewhat different dependence on jet
diameter and velocity than is found for the present laminar
jets. Stevens and Webb present a second correlation for the
radial variation Nuy, which does not represent the present data
well at the large radii of interest to us, although it does represent
their own data very well for r/d less than about .

The size of the stagnation zone may be estimated by cal-
culating the radius at which the stagnation boundary layer and
the region 2 boundary layer have the same thickness (i.e.,
2.107dRe/? = 2.679(rd/Re,)""%; White, 1974; Sharan, 1934).
The result is

Tm
4 0.787
Similarly, Stevens and Webb found the stagnation region be-
neath a turbulent jet to reach to roughly r/d = 0.75. Our
crude estimate shows that the stagnation zone is very small.
Its primary importance is that it possesses the maximum local
heat transfer coefficient {lowest wall temperature) in the flow.
It contributes little, however, to overall heat removal or down-
stream Nusselt numbers as may be seen from the full integral
=sult for region 2 (Liu and Lienhard, 1989), which does not
~eglect the stagnation zone heat flow as does equation (2);

v 4 AT

(52)

Nuy= (53)

with & = 2.679 (rd/Re,)'?. At r = r,,, the Nusselt number
should equal the stagnation zone Nusselt number; thus,
Cy= -0.2535 (54)

The error in Nu, caused by neglecting the stagnation zone is
less than 10 percent for r/d > 2.23.

4.5 Recommendsatious for Nusselt Number Estimation.
Table 1 summarizes the suggested relations for estimating local
Nusseit number for impinging, circular, free liquid jets. For
most regions, deviations are less than 10 percent. For laminar
convection in the similarity region, however, waves can en-
hance the heat transfer, and Nu, may exceed the estimate by
up to 20 percent; as the waves are damped, the heat transfer
goes back down. The wavy region is relatively small, however,
because it is limited by subsequent turbulent transition. In the
region of transition from laminar to turbulent flow, between
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e and ry, we tentatively recommend a line fit between the
laminar predictions at r; and the turbulent prediction at Ty
This fit is shown in Figs. 13 (, b) and can be seen not to
accolnit properly for the wave effects that occur in that region
at larger Reynolds number. With the exceptions of this line fit
and the correlation for r./d, all equations in Table | are an-
alytical predictions; each is substantiated by experiment.

4.6 Additional Studies Required. In jet impingement cool-
ing applications, turbulent incoming jets are likely to be pro-
duced, since upstream disturbances are not usually damped
and the jets often issue from pipes. While turbulence may
enhance stagnation point heat transfer, it is damped sharply
as the film spreads. We are currently conducting experimental
studies of turbulent jet heat transfer.

Impinging jets will splatter if the jet surface is even slightly

i of the Thin Tiquid sheet Is disturbed beyond a certain
magnitude. Disturbances to the incoming jet are often caused
by irregularities in the orifice or by turbulence in the liquid
supply. Roughness of the target surface can also disturb the
liquid film. Splattering removes liquid from the liquid film,
and thus lowers the Nusselt number; Liu and Lienhard (1989)
estimated reductions of 20 percent or more. We are also in-
vestigating the role of splattering in jet impingement cooling.

Finally, the behavior of the stagnation zone at lower Reyn-
olds number will be further investigated, owing to surface
tension effects and a possible viscous decrease of the stagnation
velocity gradient as Rey becomes smaller.

Conclusions

Convective heat removal by liquid jet impingement has been
investigated for uniform wall flux and circular, laminar jets.
Both theoretical and experimental results are given.

* The radial distribution of Nusselt number is accurately
predicted by the formulae in Table 1 for Prandtl numbers of
order unity or greater.

* Laminar heat transfer in the film for Pr = O(1) may
be caiculated from equation (2) in the boundary layer region
{region 2) and by equation (3) in the laminar portion of the
similarity region (regions 3 and/or 4), These regions are de-
scribed in Section 2.1,

® Laminar heat transfer predictions for Pr < 1 are de-
veloped in Section 2.2.

® Comparison of the integral predictions to numerical SO~
lutions in the similarity region supports conclusions previously
drawn from the ‘integral approach for Pr > 1 as well as the
new results for Pr < 1,

¢ Turbulent transition occurs at a radius given by equation
(37). Turbulence becomes fully developed at a radius given by
equation (39). Turbulent heat transfer in the film is given by
equation (46).

* The stagnation point Nusselt number is reasonably well
represented by equation (50).
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The purpose of this investigation was to characterize local heat transfer coefficients
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Jor round, single-phase free liquid jets impinging normally against a flat uniform
heat flux surface. The problem parameters investigated were Jjet Reynolds number
Re, nozzle-to-plate spacing z, and jet diameter d. A region of near-constant Nusselt
. number was observed for the region bounded by 0<r/d <0.75, where r is the radial
distance from the impingement point. The local Nusselt number profiles exhibited
@harp drop Jor r/d>0.75, followed by an inflection and a slower decrease there-
after. Increasing the nozzle-to-plate spacing generally decreased the heat transfer

slightly. The local Nusseit number characteristics were found to be dependent on
nozzle diameter. This was explained by the influence of the free-stream velocity
gradient on local heat transfer, as predicted in the classical analysis of infinite jet
stagnaticy flow and heat transfer. Correlations for local and average Nusselt nuinbers
reveal an approximate Nusselt number dependence on Re'”,

Introduction

Impinging jets are widely used in industrial heat and mass
transfer applications. Due to their high transfer coefficients,
air jets have been widely used in the paper and textile industries
for drying, while water jets have been used for controlled
cooling in the glass and metal industries, Recently, there has
also been interest in using the high heat transfer coefficients
under impinging jets to deal with the escalating heat fluxes

found in advanced technology VLSI circuits (Kiper, 1984; Ya- .

mamoto et al., 1987).

Impinging jets can be grouped according to several broad
charagcteristics, In general, 2 jet is called 2 submerged jetif it
is 2 gas jet issuing gas, or a liquid jet issuing into a
liquid, and will be termedvfree jet if it is a liquid jet issuing
into a gas. [n addition, impinging jets can be classified by their
shape, their temperature relative 10 the surface against which
they are impinging, whether the jet is oriented normally or
. obliquely with respect to the impingement surface, and whether
the impingement surface is flat or curved.

The purpose of this investigation was to characterize local

i transfer coefficients for round, single-phase free liquid
w8 impinging normally against a flar, constant-heat-flux sur-
face. The problem parameters investigated were jet Reynolds
number, nozzle-to-plate spacing, and jet diameter.

A significant amount of research has been published on
various forms of jet impingement heat transfer. Only a rep-
resentative sample of studies involving single-phase impinging
liquid jets issuing into gas surroundings will be cited here.

Theoretical studies include work by Watson (1964} who used
boundary layer theory 1o examine the fluid mechanies of an
impinging liquid jet, and Chaudhry (1964) who treated the
heat transfer aspect of the same problem and presented so-
lutions for an isothermal impingement surface. In addition,
Miyazaki and Silberman (1972) provided an analytical solution
to a planar laminar jet striking a fiat plate. A theoretical and
experimental treatment of local heat transfer coefficients under
a planar laminar water jet was offered by Inada et ai, {1981).
More recently, Wang et al. (1989a, 1989b) provided a theo-
retical treatment of the heat transfer under a laminar, axisym-

Contributed by the Heat Transfer Division and presented at the National Heat
Transler Conference, Philadelphia, Peansylvania, August 6-9, [989, Manuscript
seceived by che Heat Transfer Division April 21, 1989; revision received May
14, 1990. Keywords: Electronics Equipment, Forced Convection, Jets.

metric, free liquid jet with nonuniform temperature or heat
flux thermal boundary conditions.

Experimental studies were carried out by Jiji and Dagan
(1987) for single jets and arrays of jets using water and FC-
77 coolant for various heat source configurations. Average
heat transfer data were reported. McMurray et al. (1966) in-
vestigated local heat transfer characteristics of a planar liquid
jet striking a uniform heat flux plate at various impingement
angles. Local heat transfer data were gathered by moving the
instrumented heater relative to the jet stagnation plane. Metz-
ger et al. (1974) examined experimentally the effect of Prandtl
number on heat transfer for axisymmetric liquid jets. Average
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heat transfer coefficient measurements were made for various
* heat source and nozzle diameter combinations using water and
lubricating oil as the working fluids. The effects of Reynolds
number, fluid Prandt! number, and ratio of heat source target
to jet nozzle diameters on average heat transfer were corralated
using the equation

Nu=2.74Re™Pro*¥2r/d) ~ 0Ty /p )% (1)

where u, 2nd u,,, are the fluid dynamic viscosities at the wall
and free stream, respectively. Recently, the heat transfer char-
acieristics of a single-phase, planar impinging jet were studied
{Vader, 1988; Vader et al., 1950). Local heat transfer corre-
lations were presented for various jet Reynolds numbers for

O-~ssingle nozzle size. Ma and Bergles (1988} examined experi-

mentally the local heat transfer under a circular, submerged
jetof R-113. Some measurements of frec jet impingement were
included for comparison with the submerged jet data,

The brief literature survey presented in the foregoing reveals
no studies documenting the local heat transfer behavior of
impinging, axisymmetric liquid jets. This paper reports on
experimental work whose objective was to fill this critical gap
in the jet impingement heat transfer data base. Local heat
transfer coefficients under axisymmetric, single-phase liquid
jets have been measured for a broad range of experimental
parameters. :

Experiments

An instrumented heated foil and metered flow delivery sys-
tem were designed and constructed to permit determination of
local heat transfer coefficients under a single-phase impinging
water jet. The local heat transfer coefficient was calculated
from measurements of the lacal electrical power dissipated at
the heating element, and local heated surface and free-stream
liquid temperature measurements, The apparatus and exper-
imental method used in the study are described in more detail
in sections to follow.

Experimental Apparstus. Figure [ illustrates schematically
the experimental apparatus used in this research. Water from
a laboratory outlet passed through two flow meters, which
vided a combined measurement range of 0.0063 to 0.76 LA

5 With accuracy of £0.0006 L/s. A thermocouple in the pipe
immediately downstream from the flow meters was used 1o
measure the water temperature. The water was then directed
into a glass tube, which served as a nozzle, The exit of the
1be was carefully ground so as to be perpendicular to the tube
axis. Glass tubes of inside diameter 2.2, 4.1, 5.8, and 8.9 mm
were used as nozzles. All tubes were 38 cm long. This length
was chosen in order to insure fully developed flow at the nozzle
outlet (over 50 diameters for three of the nozzles, and 43
diameters for the other) since previous studies with air have
indicated that the velocity profile at the jet exit may have a
significant effect on the heat transfer results {Hrycak, 1984;
Gardon and Akfirat, 1965). Test Reynolds numbers were cho-
sen such that turbulent flow prevailed in all tests. The nozzle
was secured in an aluminum collar mounted on 2 Lexan and

steel frame (see Fig. {). This insured that the jet impinged
normally aginst the heated surface and permitted adjustment
of the nozzle-to-plate spacing. The collar was attached (o the
top plate with screws, which passed through slots milled in the
Lexan. This arrangement allowed the jet to be moved in a
horizontal plane parailel to the heater. However, the horizontal
movement was only intended for rough jet positionirg. Hence,
local heat transfer measurements were determined only from
the thermocouple array mounted to the underside of the foil
without utilizing the coarse movement capability of the nozzle
to increase temperature measurement resolution. The second
level of the frame heid the heating plate.

A schematic cross section of the instrumented heating plate
is illustrated in Fig. 1. The heating element consisted of a
rectangular section of 0.0508-mm-thick stainless steel (type
302) shim stock. The shim stock was 1.5 cm wide, with 8.0
¢m of length exposed to the jet. It was securedtoa 203203 —
cm piece of 1.59-mm-thick phenolic (printed circuit board ma-
terial) using Dow Corning silicone rubber sealant. The silicone
rubber was used in order to provide flexible adhesion in case
of thermal expansion of the heating foil. The phenolic backing
was prepared by using a numerically controlled mill to cut two
slots, exactly 8.0 cm apart, through which the shim stock was
passed. Twenty-cight holes, 1.5 mm in diameter on 2.5 mm
centers, were drilled in the phenolic substrate for thermocouple

placement, The mill was used in order to allow precise posi-

tioning of the thermocouple holes, After the shim stock was
cemented in place, thermoacouples (fabricated from 0.127-mm-
dia Cu-Co wire) were inserted through the holes in the phenolic
shect and were attached directly to the shim stock with Loctite
QM-50 epoxy. Intimate thermal contact between thermocouple
beads and the heater strip was guaranteed by insuring electrical
continuity between the heated foil and the thermocouple feads,

Possible electrical interaction between the d-c power em-
ployed in the Ohmic heating and the thermocouple beads af-
fixed directly to the foil was considered in the apparatus
checkout. Tests were conducted in a typical experimenal flow
situation to insure that the d-c voltage gradient in the foil did

not influence the thermocouple measurements. ]
that reversing the o1 the d-¢ power supply (thus, re- ‘PO ar

versing the direction of voltage gradient) resulted in less than
3 percent change in local Nusselt number near the stagnation
point, with approximately 5 percent elsewhere. The variation
is attributed to slightly different conduction losses in the bus
bars due to transient heatup of the apparatus. In spite of the
expected high heat transfer coefficients, the shim stock was
characterized by a low local Biot number (typically 0.017-0.1)
making it reasonable to assume that the temperature of the
back surface of the shim stock was identical to the surface
exposed to the fluid.

The water jet impinged against the center of the heating
element and flowed radially off the sides of the lower Lexan
plate where it was collected and directed to a drain. The heated
foil was clamped firmly between 2.5% 10 cm capper bus bars,
which were connected with heavy copper wire leads to a 20-
V., 120-A d-c power supply. Voltage and current measurements

A

Nomeanclature
d = jet diameter 3
h = local heat transfer coefficient Pr = fluid Prandt! number = v/«
= q./(T,—=T,) q. = wall heat flux imposed at the 0
k = thermal conductivity heating plate .@{ow 7, = local surface temperature of
Nu = local Nusselt number based on Q = volume hegﬁat'e"—- the plate
jet diameter = Ad/k r = radial distance from stagna- T = jet exit temperature
Nu, = stagnation point Nusselt num- tion point U = infinite jet free-stream veloc-
Uy ber = k. d/k ryy = radial distance to location of ity, equation (4)
Nu = average Nusselt number from hydraulic jump v = mean jet velocity at nozzle exit
stagriation point 1o radial dis- Re = Reynolds number based on jet Z = nozzle-to-plate spacing
tance’r = @, d/kAT diameter = 4Q/xdy » = kinematic viscosity

¥



vere made with remote sensing ledds soidered to heating foil
tabs extending through the bus U@rs. and were accurate to
+0.1 Vand 0.1 A. All thermal-companents were read with
an HP model 3497A data acquisition system with thermocouple
compensation. The accuracy in temperature differences was
estimated to be +0.25°C.

Experimental Method. Tn determining appropriate power
supply settings, it was found that 5 V produced approximately
50 A, and that this power rate provided temperature differences
farge enough 10 be accurately resoivable (minimum tempera-
turedifferences typically greater than 4°C) without overheating
the plate for most flow rates, The data acquisition system ran
continuously during the test and recorded temperature scans
at 15-s intervals. These continuous data sets provided a means
for determining when a steady-state condition was reached
after a change in operating conditions, At the beginning of
each test run, the jet was centered over one thermocouple by
moving the jet collar manually in the upper Lexan shect until
the temperatures were radially symmetric on both sides of a
single thermocouple.

The data acquisition system collected temperature measure-
ments continuously in time, so for each configuration, the
beginning and ending scan numbers were recorded along with
the water flow rate (read from the rotameters), nozzle-to-plate
spacing {measured with a scale), power supply readings, and
nozzle size (measured with precision calipers). After the test
run was comipleted, the extraneous output gathered by the data
acquisition system was climinated so as to include only the
scans between each starting and ending scan number, As stated
previously, the system was allowed to reach steady state before
each set of scans was begun. Hence, ¢ach set of multiple scans
included only steady-state data. Temporally averaged temper-

ature differences, jet Reynolds numbers, local heat transfer
coefficients, local Nusselt numbers, and local average Nusselt

numbers were then calculated from the experimental heat flux
and local heated surface temperature data.

The temporally averaged temperature difference used in the
- determination of heat transfer coefficients was calculated by
computing the mean difference between water temperature and
local plate temperature for the set of scans corresponding to
cach test configuration. All water properties were evaluated
at the jet inlet temperature. This approximation was valid near
the stagnation point where temperature differences were small
(of order 5°C), and less valid in the jet wings where temperature
differences were as high as 30°C. It will be shown that the
correlations presented here present only a lower bound for the
local heat transfer in the jet wings. A temperature measurement
was taken on the back of the phenolic plate in order to assess
the heat loss through the plate. That loss’'was determined to
be insignificant (less than 0.5 percent) and no correction was
used. Thermocouple leads were drawn from the test apparatus

isotherms-to-minimize conduction losses there.
Heat transfer coefficients were so high that conduction losses
in the electrical bus bars were minimal.

When an axisymmetric free liquid jet impinges against a flat
plate, a hydraulic jump forms in the liquid layer as it spreads
over the plate. This is due to the deceleration of the fluid as
it expands radially in an ever-thinning liquid layer. This hy-
draulic jump phenomenon was observed in this study, and
with it a substantial decrease in local heat transfer coefficient
{Stevens, 1988). However, all heat transfer data reported here
were collected with the hydraulic jump located well beyoad
the edge of the heated plate. Because the hydraulic jump is an
important issue in liquid jet impingement heat transfer, the
location of the hydraulic jump was correlated and is charac-
terized in a section to follow.

The maximum uncertainty in the local Nusselt numbers was
determined to be approximately 8 percent using the method
of Kline and McClintock (1953). A similar uncertainty should
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be applied to the local average data since they were derived
by integrating the local data. The maximum uncertainty for
Reynolds number values was calculated to be 6.8 percent. In
light of these uncerrainties, variations in Nu or Nu of less than
8 percent, and variations dependent on changes in Re of less
than 7 percent, are not meaningful. The maximum uncertainty
in radial position of the local temperature measurements was
estimated 1o range from 4 percent of the nozzle diameter for
the d=8.9 mm nozzle, to 17 percent of the nozzle diameter
for the d=2.2 mm nozzle,

Results and Discussion

Local temperature data were collected using the experimental
apparatus and reduced as described in the foregoing for nozzle
sizes ranging from 2.2 to 8.9 mm and nominal jet Reynolds
numbers ranging from 4000 to 52,000. Experimental results
are presented in the sections that follow.

Stagnation Point Nusselt Number. Stagnation point Nus-
seit number data were collected and correlated over the full
range of jet diameter, nozzle-to-plate spacing, and Reynolds
number investigated. For the set of experimental data corre-
sponding to each nozzle diameter, it was found that the Nu,
data correlated well with an equation of the form

Nu, = ARe%(z/d)Pr** Q)

where a multivariate least-squares curve fit was performed to
determine the parameters A4, g, and 5. The Prandtl number
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ible 1 Correlation coefficients for stagnation Nusselt num-
r. equation (2)

lozzle size (mm) 2.2 4.1 53 8.9
A 5.36 .75 3.62 5.08

v 43 q 0.27 0.33 0.35 0.33

n) = QN2 8 -0:052 | ~0.035 | -0.032 | -0.023

ipendence for liquid jet impingement has been characterized
ith exponents ranging from 0.33 to 0.487 (Jiji and Dagan,
187: Ma and Bergles, 1983; Metzger et al., 1974; Vader et
.. 1990). A value of 0.4 was chosen for this study. Tabie 1
iows the values of the coefficients 4, g, and 5 in equation
) for the four nozzle diameters investigated.

Figure 2 shows a sample of the stagnation point Nusselt
imber dependence on Reynolds number for several data sets,
ong with the correlation for each given by equation (2). As
»erved by the exponent g in Table I, the stagnation Nusselt
imber is described quite well by a power-law dependence on
eynolds number, Re'. This compares favorably with the
£%M8 relationship observed by Metzger et al. (1974). Although
& Metzger correlation is for average Nusselt aumber, the
eynolds number dependence comparison for Nu, as defined
sre is valid inasmuch as average Nusselt number scales directly
ith stagnation Nusselt number. While previous investigations
F liquid jet impingement generally correlate as Nu,xcRe'?
Vang et al., 1989a, 1989b; Ma and Bergles, 1988; Miyazaki
id Silberman, 1972; Sitharamayya and Raju, 1969; Mc-
lurray et al., 1966), only the study by Metzger, ct al., uses
wnd, free liquid jets for the basis of the correlation, and
ane have investigated such a broad range in nozzle diameters
; used in this study.

As reflected by the small exponent of z/d in Table 1, the
‘fect of the nozzle-to-plate spacing on Nusselt number is slight.
igure 3 shows Nu, plotted as a function of z/d for three
azzle sizes at 2 nominal Reynolds number of 10,000. The
sneral trend is that of a slight decrease in Nu,, with increasing
pzzle-to-plate spacing, z/d. This agrees qualitatively with the
ee jet Nu, dependence on z/d of Ma and Bergles (1938),
hich is significantly less than for a submerged jet. There is
o distinctive peak in the Nu, versus z/d curves as reported
sr circular air jets by Hrycak (1983), and for plane air jets
y Gardon and Akfirat (1966) and others. This can be explained
y noting that those peaks were attributed to the formation
f a potential core due to the effect of entrainment oo the
ibmerged jets. Such shear layer interaction and entrainment
ould be much less important for a free liquid jet. The z/d
ependence may be characterized generally for all nozzle di-
meters using an exponent of 5= —0.0336 with little loss of
srrelation accuracy.

“Noting the small exponent on z/d in Table 1, and examining
1e data of Figs. 2 and 3, one observes a distinct dependence
f heat transfer on nozzle size. The Nusselt numbers rise con-
istently with nozzle diametery. The use of dimensionless pa-
ameters (Nu, Re, r/d, 2/d) based on nozzle diameter does not
liminate dependence on d in the results. Previous work (Vader
t al., 1990; Donaldson, 1971} indicates that the velocity gra-
ient exercises a significant influence on the local heat transfer.
'his is further justified by the analytical solution for rota-
onally symmetric, laminar stagnation flow from an infinite
ot (Burmeister, 1983). Theory reveals that the heat transfer
pefficient is independent of r, and is given by

k= 1.013k(3C/»)"? 3

‘here the constant 1.013 is for Pr=10 fluids, and the free-
tream velocity distribution is assumed to be given U= Cr. The
alue of the velocity gradient is then given by

C=dU/dr “)
\lthough equation (3) is derived for the case of a constant-
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Fig. 4 Correlation of stagnation Nusselt number data using equatlons
{&) and {7}, and comparison with the laminar flow analysis of Wang et
al. (1989a), squation (8)

temperature surface with impingement by a normally imping-
ing, laminar flow of infinite extent, it does demonstrate that
the velocity gradient is an important parameter in stagnation
flow. It may be postulated that the stagnation velocity gradient
would still be important for the case of a turbulent, finite,
free liquid jet under consideration here. Hence, it is not sur-
prising that the stagnation heat transfer characteristics for the
four nozzle sizes studied here differ, since the veloity gradient

at the stagnation point is nozzle diameter dapmw“{

pronounced nozzle size dependence on the stagnation Nusselt
number has not previously been reported in the literature.
However, as explained previously, no other work has inves-
tigated Jocal heat transfer over such a broad diameter range
of free, turbulent liquid jets.

The constant € is shown to represent the velocity gradient
by White (1974}, and is evaluated for a circular liquid jet as
0.88 (v/d) by Wang et al. (1989a) and Nakoryakov et al. (1978)
using a laminar flow field. Substitution of this expression into
equation {3) yields the result that Nu is proportional to Re'3,
This is also Wang's finding (1989a), and is identical to Si-
bulkin’s solution (1952) in the stagnation region for constant
heat flux or constant temperature thermal boundary conditions

L ]
Nu, =0.938Re'f |, cxp[ -ZPrSOnbdn]dn )

where ¢ is the similarity Tunction describing the flow field.
While the Reynolds number dependence may differ, it seems

reasonable to assume that the parameter v/d would-atsode———— &

scribe functionally the stagnation velocity gradient in a tur-
bulent, finite jet. It is recognized that the influence of turbulence
may result in a nonlincar dependence of the velocity gradient,
dU/dr, on the term v/d. In addition, a consideration of mass
and momentum near the stagnation poing supports the use of
v/d as a velocity gradient scaling parameter. The disadvantage
is that v/d is a dimensional quantity of units s™' and there is
no obvious reference time scale for use in its normalization.
Inclusion of the velogity gradient as an important parameter
leads to (dU/dr)(d/v) as the obvious nondimensional velocity
gradient. Unfortunately, no independent method for meas-
uring dU//dr was available in this investigation, leaving only
the dimensional term v/d 1o estimate dU/dr as discussed above.
Inasmuch as the proposed velocity gradient effect was origi-
nally manifest as a nozzle diameter dependence, and since both
turbulence and the finite nature of the jet are presumed to be
important, an alternative approach would be to use a dimen-
sionless turbulence characterization parameter of the form d/
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Fig.5 Normallzed local Nusselt number profiles and corralation equa-
tion (10) for aii Reynoids numbaers studled, z/d= 25, dm 4.1 mm

i, where ! is the turbulent length scale of the flow. Unfortu-
nately, this approach breaks down since / is proportional to d
fc <ully developed pipe flow {Schlichting, 1968). However, if
V. s employed as a correlating Parameter, the dependence
of Nu, on nozzle diameter vanishes and the four correlations
of equation (2) and Table 1 collapse to a single expression

Nu, =2.67Re’*Pro4(2/d) =033 (y)/g) ~0237 ()

where v is expressed in m/s and d in m. Experimental data

fepresenting the full range of z/d studied are plotted in Fig.

4 along with equation (6) in the form Nu,/f*(Pr, z/d, v/d)

where (P, z/d, v/d) is the relationship describing the fune-

tional dependence on Pr, z/d, and v/d appropriate to the"
correlation. Also included in Fig. 4 are the same set of ex-

" perimental stagnation Nusselt number data and the corre-

sponding correlation of all data withour employing v/d as a

correlating parameter. That empirical refation is given by

Nu, = [.51Re®*“Pro4(z/4) 01t W)

Equation (6) predicts the experimental data with an average
and maximum error of § and 14 percent, respectively, for all
nozzle sizes, jet-plate spacings, and jet Reynolds numbers in-
vestigated, a total of 228 tests representing different nozzle
diameters and geometric and flow conditions. By contrast, the
average and maximum error in equation (7) are {5 and 60
per  :, respectively. Also shown in Fig. 4 is Wang's laminar
flow solution (1989a) to cquation {5), which has been solved
over the range of Prandt! number 0.5 =Pr=<50, and which is
correlated very well by the equation

Nu,=0.717Re% P03 (8)

The significantly better accuracy of correlating equation (6)
lends support to the idea that the (stagnation) heat transfer is
dependent on the local velocity gradient, and hence, will be
strongly affected by the nozzle diameter. As is expected, the
experimental data generally exhibit higher heat transfer than
the laminar analysis, equation (8), due to the influence of jet
turbulerice on the heat transfer.

Local Nusselt Number, Figures 5 and 6 show plots of the
local Nusselt-number normalized by Nu, for the d=4.] and
8.9-mm-dia nozzles, respectively, Correlations for Nu/Nuy, 10
be deveioped in subsequent sections are also included in the
figures. Since the data were symmetric about the stagnation
point to within § percent, only half-profiles were plotted. Ex-
amination of local Nusselt number plots yielded several inter-
esting observations.

First, in the region corresponding approximately to r/d < 2-
3, it is seen that Nu/Nu, is nearly independent of Reynolds

1.2
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Fig.8 Normalized local Nusseit number profiles and corvelation equa-
tion (10} for all Reynolds numbers sludled, Zd= 1.7, d= 8.9 mm

aumber, with all curves collapsing to a single profile. Since
the dependence on z/d is slight, Nu/Nu, can be considered to
be a function only of r/d in this region. At points far from
the stagnation point, a Reynolds number dependence appears
in the Nu/Nu, profiles and the curves diverge. This Re de-
pendence is believed due to a transition to turbulent flow and
heat transfer in the flow along the plate, and is discussed in
more detajl in a section to follow.

Second, the local heat transfer profiles exhibit a region of
constant Nu from the stagnation point out to a distance of
approximately r/d = 0.75, seen most clearly for the largest noz-
2le (Fig. 6). This is consistent with the classical analytical result
for rotationally symmetric stagnation flow of an infinite jet
referred to in the foregoing, where the heat transfer coefficient
is predicted to be independent of radial -osition (Burmeister,
1983). Since the flow of a finite liquid jet such as those used
in this study would approximate an infinite jet flow very near
the stagnation point, one would expect that the Nusselt number
would be constant in that region. The near-constant Nu profile
observed near the stagnation point for the largest nozzle is
evidence of this effect. The absence of such a constant-Nu
region for the smaller nozzles can be explained by noting that
the thermocouples were located at fixed radial positions, so
for the smaller nozzles the spatial resolution of heated surface
lemperature measurements was insufficien: to show the con-
stant-Nu region. Presumably, more

finely resclved measure. _ W

rients on the smallest nozzle wsiFshow a ilat region around
the stagnation point similar 10 the profiles for the largest noz-
zle,

Third, a sharp knee appears in all local data profiles beyond
which the Nu/Nu, profiles separate and a dependence on Reyn-
olds number surfaces. This knee was located at approximately
+/d=5.0, 2.5, 1.75, and 0.9 in the 2.2, 4.1, 5.8, and 8.9-mm-
dia nozzle data, respectively (Stevens, 1988). In all cases, Nu/
Nu, drops off rapidly until it reaches the knee, then either
flattens out and decreases more slowly thereafier, or rises briefly
10 a secondary maximum in the profile. These secondary peaks
were found to appear at higher Re for the two smaller nozzles,
Whea such a peak occurs, its beginning always coincides with
the knee discussed above, and it becomes more pronou..ced
with increasing Re. For the smallest nozzle the peak occurred
at r/d=35.5 and was evident for Re> 12,400 in all but the
smallest nozzle-to-plate spacing. For the d=4.1 mm nozzle,
the secondary peak appears at r/d=3 and occurs for
Re>21,000 (see Fig. 5). The secondary peaks were less prom-
inent in the two largest nozzles. Examination of the profiles
for the d=4.1 mm diameter nozzle (Fig. 5) shows that the
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. Table 2 Correlation coefficients for local Nusselt number,

cquations (9) and (10)

Nozzle size (mm) 2.2 4.1 5.8 8.9
a 1.15 1.34 1.48 1.57
b -0.23 | -041 | —-0.56 | -0.70

- -

knee discussed above becomes more pronounced with increas-
ing Re until, first, a region of constant Nu develops, then a
secondary peak appears for the highest Reynolds numbers,
This suggests that flat regions,in the profiles with higher Re
for the larger nozzles might be precursors to secondary peaks,
which could have been observed had even higher Re been
measured,

Similar secondary peaks were obscrved for circular air jets
by Hrycak (1983) for z/d>6, and in slot air jets for very small
nozzle-to-plate spacings by Korger and Krizek (1966), and Gar-
don and Akfirat (1966), and were atiributed to the traosition
from a laminar to turbulent boundary layer. In addition, sim-
ilar peaks were observed in plane water jets (Inada et al., 198 1;
Vader et al., 1990). In this study, both the knee and the sec-
ondary peak in the profiles are auributed to the transition
from a laminar to turbulent boundary layer in the parallel flow
region along the plate.

Correlation of Local Nusselt Number. The development
of an empirical correlation for the local Nusselt number be-
havior was influenced by two observations. First, as discussed
in the foregoing, upstream of the transition point, Nu/Nu, is
a function only of r/d. Second, the presence of the near-
constant-Nu section in the profile at small r/d suggested the
use of two asymptotes: a constant heat transfer coefficient
asymptote for r/d <0.75 (motivated by the constant Nu resuit

of the analytical solution for an infinite jet), and an exponential .

asymptote between r/d=0.75 and the transition point. In all
cases, the knee in the profile was taken to be the location of
the transition point.

In consideration of the first point, it was decided to for-
"mulate corretations for the local Nusselt number profiles based
on the normalized curves (Nu/Nu,), with independent corre-
lations for Nu, as outlined in equation (6).

From the gencral shape of the normalized curves, a corre-
lation was chosen of the form

S(r7d) = ae®t'd %)

(wherc @ and b are constants determined for each nozzle) for
the region between r/d = 0.75 and the transition point. In order
to make an appropriate transition between the constant-Nu
(r/d<0.75) and exponentiai-Nu {r/d>0.75) regimes, a pro-
cedure suggested by Churchill and Usagi (1972) was used. This
consists of using a correlation equation of the form:

Nu/Nu,={C~*+ f(r/d)~F]- /¢ (10)

where Cis the small r/d asymptote, f(r/d) [from equation (9)}
is the exponential asymptote, and P is an exponent to be de-
termined.yThe local Nusselt numbers were normalized by the

ion Nusselt number, C=1. For each nozzle, the nor-
malized data between r/d=0.75 and the transition point were
fit with least-squares regression to determine the coelficients
for the exponential function. Then, the parameter £ from
cquation (10) was determined by using a least-squares fit of
all of the normalized data, and was found to be relatively
insensitive to nozzle diameter. A value of P=9.0 may be used
with good accuracy in the correlation equation (10). Table 2
shows the other correlation coefficients used.

Figures 5 and 6 include samples of the local Nusselt number
correlation given by equations (9) and (10). This correlation
applies only to the region before transition occurs at approx-
imate r/d locations of 5.0, 2.5, 1.5, and 1.0 for the 2.2, 4.1,
5.8, and 8.9 mm diameter nozzles, respectively. Beyond that
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Fig.7 Nommalized locsl average Nusselt number profiles and correia-
tion aquation (13) for al! Reynoids numbers studies, Z/d = 2.5, dm 4.1 mm
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point, the correlation serves as a lower bound on the local heat
transfer, but does not accurately predict the Nu/Nu, data. In
the spatial region prior to transition to turbulent {low, equation
(10) represents 87 percent of the data within 15 percent, and
96 percent o the data withiz = 20 percent.

Average Nusselt Number. The local average Nusselt num-
ber was calculated by integrating the experimental local Nusselt
number data using the usual definition for isoflux heating

v/d,

P H q (r'/dyd(r'/d)

Nu/Nu,=(r/d)y /Zjo —-——-——(Nu Nu) (11)
where Nu is the average Musselt number over the circular region
from the stagnation point to r/d. The definition of equation
(11) indicates that the average Nusselt number is based on the
average temperature difference, Nu=¢g.47kAT. Hence, for a
given and spatially constant heat flux, the average temperature
difference may be determined with a correlation for Nu. In
practice, the integration for the local Nusselt number in equa-
tion (11) was performed using the trapezoidal rule. Figure 7
is a plot of the normalized local average Nusselt number,
Nu/Nu,, calculated according to equation (11) for the exper-
imenta! data of Fig. 5. The local average Nusselt number pro-

files show Re and r/d depend i exc
discussed above, that the averaging tends to smooth the

curves. Consequently, the secondary maxima observed in Fig.
5, attributed to transition from a laminar to a turbulent bound-
ary layer, are not cvident in the average heat transfer data of
Fig. 7.

Since the local average Nusselt numbers were derived by
aumerically integrating the local Nusselt number data, the
correlation for Nu/Nu, may, in theory, be determined by sub-
stituting the expansion for Nu/Nu, from equation (10) into
equation (11), and performing the integration. The integration,
however, is intractable. A new correlation for Nu/Nu, was
developed by integrating equation (9) with respect to r/d, yield-
ing

2 (r/d)[ l] a}

= —t 12
g{r/d) (r/d}‘{/ 2 r/d 5 +b’ (12)
The correlating procedure of Churchiil and Usagi was used
again with the new function g(r/d) used as the high-r/d asymp-

tote. The final ffim of the Nu/Nu, W'—
Nu/Nu,=[1 +g{r/d} @l

The values for P’ were determined by a new Ipast-squares curve
fit. As with the correlating parameter P in fequation (10), the
parameter P of equation {13) was found tc be relatively in-
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Fig. 8 Correlated locatlon of the hydraulic Jump as a function of jet
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sensitive to nozzle diameter; a value of P*=7.0 predicts the
Nu/Nu, data quite well. Again, considering only the spatial
rey . prior to the transition to turbulent flow, equation (13)
represents 89 percent of the data within 2 10 percent and 99.7
percent of the data within =15 percent. The correlation of the
average Nusselt number is compared to the experimental data
in Fig. 7.

Hydraulic Jump. As mentioned in the foregoing, an in-
teresting effect that occurs when a liquid jet impinges vertically
against a flat plate is the formation of a hydrauli¢ jump as the
fluid decelerates and spreads in a thin layer over the plate
(Watson, 1964). As would be expected, a sharp decrease in the
local heat transfer coefficient associated with the hydraulic
jump was observed experimentally (Stevens, 1988).

Some coarse measurements of the dependence of the radial
location of the hydraulic jump on Reynolds number were car-
ried out, It should be noted thar the location of the hydraulic
jump oscillated in an unsteady manner, and could only be
measured with an estimated accuracy of +0.5 cm. Hence, the
ry/d data exhibit considerable scatter. The Jump location was
correlated with Reynolds number using an equation of the

form
ryy/d=mRe" Lhe (14)

Fig... 9 illustrates the measured r,/d data along witlg-corrc-
lation. The correlation parameters m=0.0061 and n=0.82
predict the ry/d location with an average error of 15 percent,
Watson's theoretical prediction (1964) for the location of the
hydraulic jump for the two nozzle diameter extremes studied
experimentally is also shown. The Reynolds number depen-
dence for both laminar and turbulent flow is illustrated. The
analysis requires knowiedge of the liquid Jayer thickness down-
stream of the hydraulic jump, and a value of 3 mm was used
based on crude measurements. Although the analysis shows
rather poor quantitative agreement with the experimental data,
the correct trends are predicted. For a given Reynolds number
the diameter-normalized hydraulic jump location is smaller for
the larger nozzles. Additionally, the analysis shows relatively
good agrecement in slope of the ry=Re relationship for
Re>4000. Although the nozzle diameter clearly influences the
location of the hydraulic jump in the experimental data, no
attempt was made to quantify the relaﬁonship due to the ob-
vious uncertainty in the data.

Conclusions

_ This investigation characterized local heat trapsfer coeffi-
cients for an axisymmetric water jet impinging normally against

a flat, constant heat flux plate. it was found that Nusselt
number varied with Re' for a given jet diameter. A region
of constant local heat transfer coefficient was discovered to
prevail in the region bounded by 0<+/d <0.75. Beyond there,
local Nusselt number profiles exhibited a sharp drop, a bend
in the proftle, and a slower decrease thercafter. In some cases,
a secondary peak occurred after the initial decrease. Where it
appeared, this secondary peak was more pronounced with in-
creasing Re, These secondary maxima were attributed to tran-
sition to a turbulent boundary layer. Nozzie-to-plate spacing
was found to have only a minor effect on the magnitude of
the Jocal heat transfer. It was determined that the loca! heat

- transfer coefficient was clearly influenced by nozzle size, and

this was explained in terms of the dependence on the free-
stream velocity gradient. When this depeadence was accounted
for by including the velocity gradient scaling parameter v/d
In the correlation, the nozzle size dependence vanished. A brief
consideration of-the hydrautic§ i fwlocation a5
2 function of jet Reynolds number.
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Wenpmeamunty off volook by profd lop and alnd Yo
pressure distribution have been carried out on Jets
‘zzirgirg on a concave hemispherical plate (CHF).
:n vomparinen with ihe flal plate (FP), the bounda-
1y layer st ine ptapgraiion pelnt appears to bo un-
~harged, Dul the poteniial core length 1s slighily
‘rerter, while in the wall-jet reglon the inner
toundary layer is thimner, and the velocity orofile
iz scmewhal steeper farther away from ihe plate. A
fnrmala haz been derived for the meximum wall-jet
velnzity decay that agrees well witih the experimen-
tzl gata. Heal itransfer al ihe stagnation point is
~n CHF adversely affected by the presence of curva-
ture, which also tends to make flow there more tur-
mlonl, 1o oboerved for the gmallor diameter joels.
Tt averagt boat Lronpfor 1n Indopendenl of ihe now-
zle-ic-target spacing, in boih the measured and the
~zlrulaled version. The total heat iransfer on a
CHF 1s higher, cacteris paribus, than that corres-
ponsine te a  FF, because of a larger ourface ar-
i For the tame dlamclor, Tor clopo Anrpgol Lo non-
sl cpaeingn. 14U appmrs dhal thee une of CHE of' ro-
letively soadl diamelor ay o Llurgel plafe would on-
rance heat transfer from impinging jets.

1. I WBACEIGR

The: resulis of expertmenial dnvestlgation of
vre Do characteristles and heat transler From tore-
wudvnt st pobn lapinedine pormally onon CHE ane dde
soribael babew,  Blsmay watleali, phesheaaenen dVlreclly ge
sy e Fhadd flowfivat, Lranster Peon Smgdoedog
ey, are compared wiih cur enrller work on free
sevifiets inpinging on u FF | 1-3]. Jets , imping-
irg on a CHP (Fig. 1) have not been studled very ex-
tennively by previous lnvestigators. Therefore,
the exptrimental resulis here on hard desvribe phe-
rereha which, in many inciances, have never boen ob-
norved lefore. The tamlc properiies studled were
Jresoure and veloeity diziribuilons in ihe free Jut
wone (bt =t111 withdn Lho hemiopherieal eavity),
ard prezgurc, veloeity, and heat trancter along
the CHF. 1In order to measure the tolal and statie
jressure wilkin the CHP, suitable curved probes had
Ve, te doyeloped, and o specialized draverning enr-
fiagee, Bad Lo be Jad 3, Head A panplor wciesiromentn
were carrled oud fa bbe clondy state with 1 clard
reters mounted on an instrumgnted conecave homdspher-
ical target plate; the Reyno;‘gs nunber was varied
frem 12 LD e B85 060, T4 wan baoed on the nposzle
alame ber apd bho ale projoeilen ot Lo pesclo,

Hoate Lransfocr Ceom Ymplnging Jelss Lo carved
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Hemlupherdceal Plate; Sonest I Potentlal Core,
11 Free Jot, TR et iection, BV Wall Jot

plbaven by of o cotindderable Theoretlval and prac-
Lical dntuerest, because, as origloually descrlbed
by Thomann [ 4], heat transfer i1s increased in the
turbulent boundary layer on the concave side, and
decreased In the boundary layer on the convex slde,
in comparison wlth that on the Flat plate, all dus
io the effects of curvature alone. Dyban and Ma-
zur | 5| found out that a two-dimensional jet is-
pinging into a narrow cavity showed & mean heat
transtfor Jevel 30 to H0% higher than a jet imping-
ing on a FP. They attributed thls to the hydrody-
namic eftects of curvature and the generally con-
siricted fla_ti geometry between the walls of the
cavity and thoe nozzle itself.

It appeised, theretfore, worthublle to under-
Lake 1t ahinty off Ulon paltorss and heat tranafer
of Juls lopluging on surlaces with double curva-
ture, like a concave hemispherical cavity, since
the results obtalned with a single curvature look-
ad g0 promining | 5} The first phase of this xe-
el Tovotved o delal bad atody of Flon pattorns
particularly relevanl to hgat transter, llke the




effects of curvaiure on ihe roleniial core of joib
ard on the free jot spreading, the boundary~layers
at the stagnation point amd in the wall-jet zone,
and the study of the velocity profiles and of Lhe
maximum velocity decay there. Some of Uil work
has also been done under this author's supervision
by Jachna [6]. Simultaneously, local heat trans-
fer measurements were carried out, in the hope that
eventually, a bettier understanding of thepe find-
Inga 1i1]l be ponntble fhough (he Propes Tnloerpen
tatlon of the releovant Tluld £low menskrenon L.

2. EXPERIMENTAL APPARATHS
The cketely of the Peing nyntom 1o gl In
Flg.2. The comprovaed alr wnn mippllod by & rocl-

Procating compressor, ihrough a largo s!tornge lank
to provide a stendy flow. The atrTass flow rule
= ¥as-measured with a palr of rotameters wiih a oo~
Hlrated accuracy betier than 1%. The 1ulet pres-
sure at the rotameter was carcfully monliored,
The alr went then through o 389 mn dia. pipe to a
Plenum chamber. The air tenperature was mensured
before air entered the plenum chamber, 3.5 mm in
dla. and B89 mm long, to which an end rlale wan
welded on, where three different nozzles of 3.18,
6.35, and 9.52 mn dia. could be scrowed on tlghily.
The plenum champer was aligned vertically by ad-
Justing three gilde wires %ef. nozzle in Fig. 1).
Several large vertical column manometers, with
mercury and waler as a Iluid, and, for low rronsuro
measurement, a mlcromanometer, were available. A
concave hemlspherlcal brass plate with inslde ra-
dius of 93.7 mm, shown in Fig.l, provided with
twenty-nine 0.791 mm dia. holes for Prensure iaps
to measure the local preasoure dliatritullon, wun
supported by three adjustable legs. The preosrure
Probes were mounted on a stage whose posilion could
be determined within 0.10 mm, with six degreen of
freedom. Further experimental aet-up detally Iy
be found In [_6_]. The nozzle wan alunyy kepl ver-
tical and the adjustcd Impingement surface horlason-
tal, and the normal dlstance betuecen the nozzle ex-
it and the plate center could be changed from z,/d=
3 to 20. The coordinate system Is shown in Fig.i.
Foxr heat transfer mearmrements, the homs aphn-
rical impingement plate in Flg.? bnd Lo be roplaeed
by a smooth ebonite hemlsphere, of 155 mm 1nlornal
Qlaneter, and 168.3 mm thick, with holes drilled to
accommodate fourteen 9.57 x 18,3 mm calorimeters,
meunted Flush with the surface. The calorimetors
vwere made of 304 stalnless stecl whose conductivity
18 determined by the Natlonal Bureau of Standards
L7]. They were located at the center of the plate,
and, symmetrically at y= 11.5° and 22° {2 calorim-
eters at each angle, in one row), and at ¥= 357,
567, and 80.5° (2 calorimetors at cach anglo, ar-
Yanged in rows 120° apart). The calorimeiers wero
equlpped with two 1.% mm thermocouple holes ai tap
and bottom, and were attached at the bottom by
means of a seldered-on stud to a 1.7 mm ihlek hemt -
sphertenl hrana suppory Plales  The owgguet phnte
was heated on the convex rlide by uteam comlong! iy,
at atmospheric pressure, that wasz generaled rlec-
trically in a boller attached to ihne support plate,
Each calorimeter hole was provided wlth a slatnleng
steel sleever there was a 0.83 mm gap belween
sleeve and the calorimeter, sealed on top with pil-
lcone rubber, to act ax a side w1l lusulator, Fig.i.
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3. EXPERIMENTAL FLUID FLOW RE-BLET

Fleuro 3 chows Lhe velociiy denny along the
Joi cenlerline, with the normol distance betaieen
ihe nozzle exit and the center of CHE varied fros
four to twenty nozzle diameters, 1.e., & < zy /4 ~
20, The Reynolds number was varied frem th 600 4.,
g 000t from Innpeclion of the Flpure, 190 10 e

1.0 r
6.0/(x/d) ;
.8} CtLip
(53 \\
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Ue \\
Uge.3 < & t&
' f;
2 d=9.52mm Z./d a.
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x/d

Fipure 3 Decay of Centerline Velont LY Gen VS, 2/

that the nominal potential eare lonpth bere 1= 5 -
diameters shorter then in the case of » FF (11, 4
simllar observation has been also made by Jankra
[fr l. Dlheruten, the velors Ly Aerny sypyos npe ot
Tur ta Vhone abnspeved nn Bl b wedne A by 1oy gy
tdunlly deerenoed within one Lo U pe Slametere o
way from the target plate, when flow neags: e
ctapnntlon pointk. The data may te eorrelatoed by
Lhe formula

uofuge = 6.0/(x/9) 1,
The data for the spreading of the aanrdirste
correaponding to one-half of the loead veelony iy,




irsicated y1/d = 0.0920(x-z,,)/d. which is & nprowd-
Sege rate sHghtly Jower b bl For U Troo Job,
Thesre sape adi Lue Lprcad] g riclay, ong obnervod In
e transition reglon, the oilher in ihe fully devel-
oped region (Zones I and I1, respectively, Fig. i).
Trhe nean velociily profile development in Zones 1
wed 1 3o eimdlar e thal of o roe Jol shioun In
L1k ard which, for turtulent flow, is independent
i the Reynolds numbex 1:6] The seguence of the ve-
lueity profiles variation shows that as x/d in-
treates, ihe velocity profiles cutside of the poten-
t.al core region become wider and flatter.

In the wall-jet reglon (Zone IV), the velo-
wity profile in the outer layer, z > &, can be re-
rreseried well by the egquation (cf. [8

A D VL ()
foe el the K12 ang UL, zxespl for z/z% - 1.2,
wrene: the measured velocity profile for“CHP has a
miespsr tlope | £,9). In the inner layer of the
well Set, z < 4, ihe velocity profile follows the
sl rical equallorn

u =V (2/0)1/0 (3

Wwitr. 7.5<n <15, This high n-value has been ob-
iAraid lrdepirdenily by several investigators [_1 12y
i1 | =i characristic of wall jets,

Ststie pressure along the jet centerline gen-
ére1ly varies slightly with z./d and the Reynolds
nunter Feg. It becomes eventually negative and
renchen & mindmem at zn/d = ¥, 11y variation belng
sAmidar 4o ihai of a free joi |1,6], In the neigh-
burbioed of ihe larget plate, siaiie Pressure ig
then suddenly increased. Negative statle pressure
In the jet mixing zone is explained by existence of
Ireiiure gradients necessary to entrain the amblent
sie o the process of mixing., Thare is no obgerva-
bl e et of lteg o statle prossure distridution
i the gt plabe {iself, which 13 simllar to
that of the FF, When 5/d gets larger, the stiatic
Prosours on dhe wall of the CHP beeomes eventually
Irowest Vhain Uhe: b ent pregidre, which ig konown agn
LEE R DIPRY 1T PR I CIPPY I

Fhes bomiclicry ‘Vayer, o, For the CHP oy showg
I ki by The toundary-laycr thickness near ihe
dlagnation polnt, caleolated Hlih the theoretieal
famala o /g ] .‘}H(n'ln.-,‘)"ﬁ' 2 (er. vehlfeht by,

T, ). 1’:;;),‘.1"'! bhte el r ez} xproslon o
sl g f)V 10 Y abtadned from FP measurements,
s rnngatty well wiig the: G data shown in
12 e Rlunn, in o tha Yomed it tuelehborhiood of the
Prhratlon print, o /d ulayn conslant, and there iz
Lot Gf Lhinninge ont ot uame point slipghtly
ey Fees there, L fonor bupdary layer duvelop-
peesood the wndl et (Zes iv) may b alsno deduced
frev #ip. b s

W/ S z(B) (Y -y, ) ()
Moot nnared aiib Lhe A prennton
iyt
offor 4B %4, (r/rl).“"’} {4}

Poses bt e, s rouphily cguad Va3 /19 ooy
Vo b il o0 (), lor dayea Ll the yafl Tasi
Phot acvording L Juchng Lo} 15

t/d = 0.226(11/«3)("#-7!’0) {6)

Tre growth, of ithe half-valued velonity thick-
PO bt Lhe OHE Y wl/d i I+U.()14'l(:'.“/|f -’r)]-

au

(R (¥ -¥.) 1s sinilar 1o 1ho vorrvsponding FP
vgrogilan, which olue dn[mngu‘)\;n wpd slightly
amd 1a propurilonal to (z/d)V "5,
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Figuro & Inner Boundary layer Deve.‘iom:ant

Flguro % shows the maxlmum velocitly decay a-
long the target plate for several u,/d values, as
observed by Jachna | 6]. The maximum wall-jet ve-
locity, Vo lncreases at firsi to a maximum, lo-
cated at 1 < 5/d < 3. The velocity profiles in
ihe deflecilon region (for, approximately, s/d <)
are similar to those of a FP, but have a slizhtly
steeper slope. The slope of the maximum velocity
decay curve boecomes nearly horizontal near the rim
of the CHP, while V, 1s slightly deperdent on zp/d.
This result is different from that for a EP, where
Vi, 1z lnversely proportional to (r/a)~1+1< ana
the z,/d dependence exists only for very small /g
values. Vg, normalized with respect to Vg at ¥ =
10,99, can be represented by the empirical equa~

tion | 6] J -
VulVi0.9 = [5:29¥cos(y/2) ] (7)
o I ] { { [ 1 1 |
Rex IO.4
9 TSR
2.5
4 2,57
Y > L
2.4
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Vig.e i
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Flgure 5 Maximum Velocity Decay in Wall Jet

Discussion of experimental results. The in-
campressible, turbulent jets Impinging on a CHP in
iy rosypec b are slod lar Lo the Joela tmpinglug on
a FI'y o The observed di SPorencos afe due to effects

. n
3 e st el

!




of curvature and to a slighily higher turbulence
{Tu) level inside of the CHP. They show up in a
different maximum veloclty decay pattern, in por=-
tions of wall jet velocity profiles, and a smaller
inner boundary-layor and half-valued wall jJet
spreading thickness. The observed decreane of € in
eq.{1) wth respect to that eof a FF may be explained
using Schlichting's equation for the centerline ve-
locity of a developed jet ([117, p. 708); with wu,-
k u,oe And the viriunl kinemalle vipgoomly €,

ufu = K (34/32x) Rey (v/€,) (8)
If we let Eo/v= m Re, {m = const), there resulis
“v‘,“m‘ - {remdy (v, ) = /(e /a) {")

Cin eq. (v} 1a Lwdopendont of Hey, anom mey be ox-
prected to silay consianl with o gonalanl Ta unid Rog.
Here, the increase in Tu within the hemlspherical
cavity brought about a 10% reduction in the magni-
tude of the nominnl polential core of Jjol implng-
ing on CHI'. Thin 1a in line with obmwerved mubnlan-
ti1al reducilons in ©C of the artiflelally turbullzed

ets (G dlsappeared at Tu =28%, cf. Dybtan and Mazur
812]): thus, a5 Tu and m go up, C goes doun, for
a constant Bejy.

Deriva.tion of maximum velocity decay formula,

It is of some theoretical and practical interest

to show that the maximum veloeliy decay expression
in Fig.5 may be derived in a way ihal well 1llus-
tratea the cloancly inlorrelated Tonlnren of nev-
eral kindn of wall Jeln, by trcallmg thom ina
unified fashion., Using the modified Pohlhausen-
von Karman approach, we have according to Fig.l,
for the mass dm entering the control volumn ABIF-R
siny d {(with the negalive alfgn due Lo the ef-
fecta of curvatuye)

aR &
dm = - 32 £ u sinypdes dpds (10)

Then, using 2q.(10), we get the momentum change ex-
pression for the volume BCDE-R ainvd?

: +b
-g; Ir J'6 w1 - #/R)sinydz d@| do
o

v qud-“ _!;au(l - s/M)niny dy mp|uu .13 {11}

IfToc au/dz, ¥ = 0 at 2 = & in eq.(11) in accord-
ance with the older Prandtl hypothesis [11]. Phys-
1cal results below and in 1,2} indicate that this
aasumption in eq.({1) is Juatifled..

Fquation 11) han been found uneful for other
gecmeiries., Thus, on letting siny=z 1, dz -+ dr,
R -~ xr, and changing Lhe slgn of the second term,
eq.(11) describes bebavior of an axisymmetric jet
(Hrycak et al., [1,2]). If, additiomally, dp=1,
and ds ~ dx, and R 1s deleted, an expression for a
two-dimensional jet is obtained (cf. Abramovich 8]).
We may now write eq.(11) in the form I; - I2 = O,
Using u from eq-('ﬂg. with n= {4, for 2 < &, and u
from eq.(2) for & < e < b, b< B/} (of. Fiz. 1),
and 5 ¥ bt smwonllmt to 6] and Fig. ),

substituting Vo= Vo /uae, 8 = oA, B b, el di
a(RY), we finally get
= ARkt na@, 2
=1, ay (5 v siny }(nﬂ bul, d¥ {12)

with an error of 1%, Simllarly, letting (z-6)/b =
€&, and also noting that, for 8 <z < b, d (R-0)Y)=

3
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ds, and

1 1
J;uz ag = 0.31559, { u®g ag = 0.06¢3,

o dR = 2 ok
1, = (031559 Gud B VysinW lip} v 4y e
with an error < L%, After some simple transf-rma-

tions, with B = 0.31559(n + 1)b/(n3) = 6.03%%, I, -
T, Inlegrates, with B conpb. of intograbtion,

Lo

vo=c'(b sixm(’"")/(”‘“”: ¢ (Y 51

1
1
LA
L

(2
Equation (13) is shown in Fig. 5, in a normallized

Formy Lo foliou Lhe mean of ezperinenind reoalte
P k) -.'.,,/tl vie gy pnbher ool g Hedng, oo 000)
tor b, nnd the experimepial smeasuremendos of -

(both our owm and from | G1), B 77,5 neoeeree-
sponding to that of the heat transfer surfaze, and
d= 6,35 mm, the"f.‘, in rg1h) in evaluated as

02967 (R0 HIIZ, pr b by ety
thelical ento of uo Friction), Vo * Tpte o teoardar f
relerence velocily thol aloo [ollow: the dzta In
[6]. ¥, from eq.(1h) w11l be unad later !n heat
tranafer calculations.

L., EXPERIMENTAL HFAT TRANSFER REZULTS

Hoal Lransfor measuremoenl: acre carrled qat
wilh the experimenlal pet-up shown in Fig.z, @it
the hemigphertien] Impingoment plabe For Flaid fions
measuroments having boen replaced by the besiopher-
ical instrumented heat transfer plate with 14 eals-
rimeters and with an attached steam generator, as
doneribed above in ke “Exprrimenial Apparatoe”
peclion. ‘fho meaguremenls bod boeen carriol st
(wiith pome lpnvitable reruns) Eor meee than 2060
Lest pointze. The heal Lranster conlflelents anrs
then calculated from the relations

a=-(/M)a,-00/(n_ -0 ;)

whern surfacn Lomperature 0wz obtadned Fron
= - = A

a0, {n, ~n)n/m - 1) {14,

where subscript b refers to the biiom thermocou-
Pl on Lhe enlorimeter, L Lo Lhe bop Shepreeonple,
aml M,N = distance bebween lacatlons where ., ard
Ope and A4 and 0., respectively, had been neazured.
Proper Insulation on the sidewall of the cal-ri-=a-
ter, a good thermal contact with the' bane plate,
and Lhe ellmipallon of the thermonauple eordustion
error were eanential fror the aceurate detersira-
tion of o, while a Telatlvely omall calericeter
diameter was helpful In getiing tetter loral reao-
uremenis, according to the equatinn

Nu = K Re® Pr’ (zn/a)C(r:/ac)d(dl/d)"(.n./d)f (17)

tased on the dimensional analysis of the protlen
on hand., Here, a = 0.5 and b = 0.4 could e =z~
pected for the stagnation point data in lipe @itk
tha LhooreLiecal golalion by Sitaelkin I 1] , while
for Lhe avorago Napeolt nomber, 0.6 < = 0.7, acd
b =t 0,733 appenred appropriate.

The experimental regults for the stagratlcorn
point are shown in Figures 6 and 7. It is irter-
gnting Lo noe thal for Lhe 3.0% mm dia. nozzle,
tha Npu~dependence on the nozzlo-to-tareet npacie,
r.n/d. in dl{ferent from that for the tuo larcor
nozzles used, and the power of the Reynolds runter
guggests that flow ig already hlghly turtulert:

{1%)




LGS Gl -0.22
Ne o 0.7 R N '(z“/d) 0.2% (18)

zg grown in Pig. €, while for 4 = 6.35 and 9.52 mm,
the zizenation flow has still essentially laminar
croracteriztics (all applicatle for 3 < zn/d < 7)

1 r .
fa = G5 ned°'5 B (zn/d)"‘”(d/dc)‘"o’ (19)

r
.

Here, Ko,y Lo one-half power occurs (as E}ti
duez In Sibulkin's solution ﬂlﬂ); the (zp/a)?17?
et i virtually ideniical with ihe correnponding
Fiovsprescdon deserited in [ 9]0 BEvldeantly, tho

il e renecs botucon cyuialions (115) and (19) ara due
L. tie lachk of complete geonelrical similarxiiy here;
clirce the plate diancier d. is kept constant, for
v 7 /d valuesn, the 3.52 mm nozzle 1g three
Aty sl Lhe £.52 o nozzle, two timen an far a=
way jrjolcaldly from the lurgel plate as ithe 3.18mm
diz, nozele, for the pame zn/«] value., Thus, the
‘of.auren of Ahe curvalure of walls (wilh 1l in-
;resned turbulence) overrldes; here the effects of
the o deye luping el eone, with the asaoclalad high
Vot wadvaen for £z fd < ¢, and an olherwispue in-
ernaning turtulence as we proceed away from the
rczzle within zp/d < 7. This"potential core" ef-
fert wan firct jdentified and explained by Gardon
el asaneiater, 1‘4.}5} e whllo e "eurved well”

A feet with (o /0) ™22 e bog oncured w)rowdy

ir. crprossions describlng a row of round jels im~
Firoliry nnoa vemi-cylindrical surfaceo (r:('.[16] aricf
57 Je

T

. 300 ) I 1 I ] 1
d mm
200 - o 3.18
o 6.35
150 - a 9.52 _
*
Nu,,
100 - ]
90 |- -
70 1 f 1 1 i 1
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-4
Rey x10
s f mpnation Poind Weal iranster, Mem,

6o 00

i e I.'u,J/LPrO'I‘ (zn/d)—“'zzj. d =~ 3.18 nm
. L 0 o o
5 = weo/ P ey /0)° a/a)* 7, a =(5F w

G el Turther the offcel of curvalure on
eration pint et trancker, an o czperimenl ban
che cat g Teel sl pwhier o opua bloy dlamolop (tl
Lelsti ), blgh resolulion calorineter was tested
iz FP with and without curvature, under other-
wi¢y L:ariy identical conditions. The curvature
cooprewided by ow nisrdy hendppheslead plicbie
tarface of 127 mw dia. In which a cmoolbly con-
teateed opendop of 0076 mm dla. wng cul oul wl lhe
~nnter, uo that it would keep just the calorimeter
expiced 1o the jet. Results are shown in Fig.7:
frr ihe 9.52 mm nozzle, only the heat flux inten-
T onrargesn, repicloring oo decproase of 200 ol

od b
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Req = 16 000 and of 14% at Rey = 63 000, The
changen for Lhe 6,35 mm nosyle were even more pro-
nounced: in addltion io a lowering of heat flux
intensity, ihe slope also increased from 0.5 to
0.66. In view of the discussion by Gardon and
Akfirat| 15] about significance of turbulence on
ihe slagnation point heat transfer and the exper-
Iments of Dyban and Mazur with turbulized Jets

| 12] it becomes obvious, that the curvature has
here the destabllizing, turbulence increasing ef-
fect predicted by Thomann [lﬂ that leads to a de-
aroagod Toand bonl transfer at lhe stagnation
reint in tho cane at hand. Additlonally, in the
situntlon llke the one shown In Fig.?, the circu-
lation of the fluld 1s impeded by the built-on cur-
vatura.

I | | R
600 |- =]

500 |

400 - SLOPE =0.5

SLOPE=0.66

150 |- 2
d
NO CURV. curv. mm Z _/d
o o 6.35 65
jooYs o @ 952 T -
| | | |
15 2 3 6 9
RedeO"4

Figure 7 Influence of Curvature on Stagnation
Point Hoal Transfor

Tha svernge lval Lrannfor Poe the GiE
shown In Big. 8, For 3 <y fd - 7 1t may be cor-
rolatad by the exprosslon beluw (with dp = ZK)

Wy = 2.5t Re,” % B (a/a )1 07 (20)

cusent lally Indopondent of op/d for o, /d < 7.
Fguailon {20) shows some simllarlly to the average
FP results mentloned In | 9] amd | 16, accomding to
which Vo 1640 va, 982y g 0) for Koy -

Ly U0, ﬂ Yolule amd dy, 15%% wm, for example.
Becausc a hemisphere has an area larger than the
inscribed eircle, the total heat flux would have
beon here siill higher for Wiy from eq.(20). A
subslantial portiom-ef the present heat transfer
dita have been apalyzed by Idvingood and Gauntner
|1',‘|. Thoy  bumped logetbor o obagiat ben elat
tatils Por all lhree noszles, getting in thelr
correlation a negliglble dependence on zp/d, tut
thelr Nug expresslon is similar to our eq.(20)..

Do HEAT TRANGHER CALCULATIONSG FUORE JUNJAVE
HEMIGPHEICGAL PLATE

In view of the Fig. 4 data, one could expect
here heat iransfer at stagnation point to be phys-
lecally similar tn that given by Sitnlkin's solu-



tion [13]; it gives resulis compatible with eg.(19)
for moderate z,/d values. The present data are
eomplete onough 1o ealeulate alsge Lo uvn;;%n HITHS
selt value from the relation Cg/2 = Si. Pr/3, where

is a two-marameter fhrmila due o Tadwlog mul T111-
mann (Lulﬁ p. 600, good Tor threo-dlmenal onnd
flow with pressure gradients. 61 and do nro din-
Placement and momentum thickness, defined by

g5 = & (/)1 - u/V)) sinfds, =01 (22)

4 view of the geomeley of Hio problemg o /.',:. nyy
and 85 = 78 sin¥, 120, on chooslug n - 14 ln n'q.('g.
After b, V;, 8y and 65 (from eqs.(6 §1h).and {22
are substituted in the Cf/2 = St Prd/ relation,

Ku = 0.0591 Rng +7325,0. Tﬂ(n’l}/ni n /i) -0.6012

1= obtained, which, Inlegrated over lhe onlire hom-
isphere, ylelas

ﬁd= 0.151 Redo'?32 03D (cl/dp)c"6012 (23)

Except for the numerical constant and the pow-
ers of d/dp and Reg that were generated in the pro-
cess of cafculatlon wlth the L-T formula, cqn.(?3)
and (20) are of the same slructure, nnd produce
Yeasonably simllar Nusnelt mmbers., Thun, for Rey=
6.7x10%, they hre 88,2, 09,4 awd 453 vn. Yh,1L60LL
and 29,1, for d=9.%, 6.15 and 348 mn, respen Lively,
For Reg = 1.4x10%, these Tigures are 28, 22 and
14.5 vs. 6.6, 23.7 and 11 3. It is understood,the
use of the L-T formuln represenin an nppltenlion
for which 1t wa=s no! orlglvally intemivd. *The on-
couraging physical roaulln dnniify 1ty uee here,
however, untll a better Tormula becomen nvallable.
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Figure 8 Average Heat Transfer, Hem. Tlaie

‘N—u‘; = ‘ﬁ";d /LPrOo"'r‘ (d,'dpjl A7 h md = Fid/ll
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NOMENCLATI'RE

a® dimensionleoan voloelHy profile, atae. poinl
b width of jet, m

T radlus of flat target rlate, m

R radius of hemispherical target plate, m

s length of arc on hemispherleal target plate, m

362

Zn

1
vertical nozzle-to-plate ﬂistance, m

SubrerI ple

c

Q
I

conditlon near center of symmetry, calorime-
ter diameter, m

conditlon near stagnation polnt or at nozzls
veloreing Lo Loppel, plante
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