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1) Introdução 
_________________________________________________________________________ 
 
1.1 Motivação 
 

A mecânica dos fluidos é uma das 

áreas mais complexas da Física, e por isso não 

costuma fazer parte dos currículos escolares. 

No entanto, existem muitas analogias e 

conceitos simples que podem ser 

demonstrados, introduzindo assim o aluno à 

mecânica dos fluidos.  

Para tanto neste projeto 

apresentamos um efeito pouco conhecido, mas 

que ironicamente está presente em líquidos do 

dia-a-dia, como xampus e sabonetes líquidos. 

Estes líquidos são todos compostos por 

substâncias surfactantes água e sal, com uma 

concentração tal que forma micelas esféricas, 

as quais fazem com que o líquido possa 

apresentar um comportamento que pode ser considerado incomum, para um líquido, mas ao 

mesmo tempo é um comportamento bem conhecido do público para uma partícula.  

Figura 1: Foto dos primeiros instantes 
do efeito Kaye [1]. 

Outra curiosidade desconhecida do público, é que estes materiais, devido a esta 

propriedade, são classificados como materiais inteligentes: aqueles que respondem a 

estímulos externos de forma controlada. Esse é outro conceito que pode ser apresentado 

com este experimento. 

 
1.2 Efeito Kaye 
 

Este efeito, que acontece com fluidos viscosos, é conhecido como efeito Kaye, 

nome que homenageia o engenheiro Alan Kaye, que primeiro o descreveu em 1963 [1], 

mas que, por ter uma duração da ordem de 300 ms, só pôde ser observado e estudado em 

detalhes nos últimos anos [2], graças ao advento de câmeras de alta velocidade [3]. 
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Como o objetivo é apresentar algo simples, pois o público alvo é qualquer um que 

se disponha a brincar com um xampu ou sabão líquido em sua casa, apresentaremos um 

modelo simples que permite entender o que se passa durante estes 300 ms. Além disso, 

mostraremos uma forma de ampliar o efeito permitindo que ele seja melhor observado. 

 
 

2) Descrição do Efeito Kaye 
_________________________________________________________________________ 

 
2.1) Nível Básico 

 
Neste trabalho apresentamos um fenômeno presente em muitos materiais 

existentes em casa, mas que, no entanto, é desconhecido da grande maioria das pessoas. 

Este fenômeno, conhecido como Efeito Kaye, está presente em líquidos, que ao serem 

despejados de um recipiente formam um filete fino de líquido (Figura 2), enquanto que a 

água, por exemplo, forma gotas (Figura 3). 

 

Figura 3: Gotas de água. 

Figura 2: Filete de xámpu. 
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Esta característica faz com que um líquido desse tipo, quando despejado em um 

 mesmo líquido, não se misture imediatamente. Isto acontece por que 

está 

o 

 
2.2) N
 

comportam de maneira diferente aos líquidos 

 substância que não tem forma definida e se 

tra. Por causa disso um líquido apresenta o 

 

 duas camadas 

adjacen

como em um sólido.  

                                                

recipiente contendo o

o líquido que chega está com uma dada velocidade enquanto que o outro, no recipiente, 

parado. Isto cria a possibilidade de que a porção do líquido que chega ricocheteie no líquid

parado, como mostra a Figura 1. 

ível Médio 

 O efeito Kaye ocorre em líquidos conhecidos como tixotrópicos, uma classe de 

líquidos chamados não-newtonianos, que se 

newtonianos, como a água, com os quais estam

  

Podemos definir um líquido como uma

adapta à forma do recipiente no qual se encon

que chamamos de viscosidade, que pode 

ser vista como a resistência do líquido em 

relação a ele mesmo

os mais familiarizados. 

1. Newton interpretou 

a viscosidade como a falta de

deslizamento dentre

tes do líquido, criando uma força 

proporcional à velocidade com que estas 

camadas se movem, mas que não pode ser 

armazenada na forma de energia elástica 
Figura 4: Deslocamento laminar de um fluído. 

Com isto podemos definir um líquido newtoniano como um material que assume a 

forma do recipiente onde está contido e cuja viscosidade é invariante em relação às forças 

aplicadas nele2.  O exemplar mais conhecido é a água, tanto que muitas vezes, definem-se 

líquidos newtonianos como aqueles que se comportam como a água. 

 
1 Uma forma de enxergar esta propriedade é imaginar que se despejássemos um líquido sobre uma superfície 
sem atrito, ele ainda iria perder energia e parar – esta perda seria devida à viscosidade.
2 As forças às quais nos referimos são sempre muito superiores à força da tensão superficial do líquido, que 
pode ser então desprezada. 
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Resta-nos assim definir o que é um líquido não-newtoniano, que como comentado, 

er definido como aquele que não se comporta compoderia s o a água, mas para algo mais 

produtí

No entan or ainda serem líquidos, não tenham forma 

definida e assumam a forma de seus recipientes. Por outro lado a variação da viscosidade 

em alguns líquidos caracterizaria um líquido não-newtoniano: 

ntam uma diminuição gradual da 

viscosidade quando expostos a uma força externa; 

externa. 

 líquido tixotrópico conhecido como “shear-thining”, 

is

m gravidade sua 

tens o 

 o filete de líquido que vemos sair do recipiente e que vai afinando 

à medi

 outro lado, em um líquido tixotrópico a 

                                                

vel, é aquele que viola alguma das definições já citadas para líquidos newtonianos. 

to é de se esperar que estes líquidos, p

 líquidos tixotrópicos: são os que aprese

 líquidos reopéticos: são os q

quando expostos a uma força 

  

 Para o efeito Kaye teremos um

líquidos que afinam sob uma força de c

Se imaginarmos o líquido 

solto no espaço se

ue apresentam um aumento gradual da viscosidade 

alhamento.  

ã superficial irá formar uma 

esfera deste líquido3. Em seguida, se 

tentarmos deformar esta esfera, com 

forças de cisalhamento, teremos uma 

resistência do próprio líquido devido 

a sua viscosidade.  

 Sendo assim podemos imaginar que ao despejar um líquido de um recipiente, a 

gravidade criará forças de cisalhamento que puxarão a extremidade deste líquido em 

direção ao chão, criando

            Figura 5: Forças sobre a gota. 

da que cai. Ao mesmo tempo a viscosidade se opõe a esta deformação, se opondo à 

formação do filete; logo quando a viscosidade for grande o suficiente, o filete deixará de ser 

coeso, se romperá e formará gotas (o que acaba acontecendo, pois com o filete cada vez 

mais fino, mais facilmente ele se rompe). Por

 
3 Assim como os planetas e estrelas que assumem esta forma por ser a de menor energia. 
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viscosi

ontendo 

mais deste líquido. Ao chegar no líquido parado, as primeiras partes do filete irão começar 

 

 

Infelizmente, o efeito dura apenas alguns centésimos de segundos. Isto ocorre pois 

após o jato ser formado o filete começa a pressionar o monte onde ele ricocheteia e o 

deforma formando uma vala cada vez mais profunda. Isso aumenta o ângulo de ejeção do 

filete (Figura 6.3-6.5) até que ele atinge o filete incidente (Figura 6.6), cortando o fluxo 

contínuo.  

 

dade diminui à medida que o filete cai, permitindo que o filete fique coeso por muito 

mais tempo (Figura 2). 

No efeito Kaye este filete de líquido chega ainda coeso a um recipiente c

a se amontoar formando um monte (Figura 6.1), já que a viscosidade do próprio líquido 

exige um certo tempo para ele se acomodar.  

Porem o líquido que ainda está chegando pode encontrar uma superfície no próprio 

monte de líquido que favoreça o ricochete (Figura 6.2). Isso faz com que esta frente de 

líquido seja ejetada formando um jato que não se mistura com o líquido do monte. 

 

 Figura 6: Fotos seqüenciais do efeito Kaye. 
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2.3) Nível de Graduação 
 

Neste efeito podemos identificar um dos conceitos mais simples, porém muito 

importante, da mecânica dos fluidos, o conceito de continuidade. Neste conceito como a 

matéria não é criada a quantidade de líquido fluindo por um cano é sempre a mesma ao 

longo de todo o percurso. Matematicamente temos: 

 

Equação 1 
outoutinin RVRV = , 

onde V é a velocidade do líquido em um ponto 

 R é o raio da seção transversal no mesmo ponto 

 

Sendo assim, se observarmos a Figura 7 iremos perceber que o raio do feixe muda 

ao ser ricocheteado. Isto ocorre porque, como mostrado na Figura 8, o filete vem com uma 

velocidade Vin e um diâmetro Rin. Ao passar pelo líquido [L], o filete deve perder um pouco 

de sua energia devido ao atrito [η], e sair com uma velocidade Vout e um diâmetro Rout.  

 
Figura 7: Foto do efeito Kaye. Figura 8: Modelo do efeito Kaye.  

 

Pode-se até estimar a velocidade [Vout] com que o feixe deixa a superfície L: 
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Pelo princípio de conservação de energia teremos que a energia cinética com que o 

feixe chega na superfície é igual à energia potencial disponível na queda: 

 

ghV
mV

mgh in
in 2

2

2

=⇒= , Equação 2 

onde h é a altura de queda do feixe 

 g é a aceleração da gravidade 

 

Portanto a velocidade Vout pode ser calculada pela relação de continuidade mostrada 

na Equação 1: 

 

out

in
out R

R
ghV 2=   Equação 3 

 

As medidas de raio R podem ser feitas com uma fotografia do efeito. 

 

 
3) Montagem experimental 
_________________________________________________________________________ 

 

Figura 9: Esquema do experimento.

O esquema inicial para a montagem 

experimental pode ser visto na Figura 9, nele 

podemos identificar que a rampa inclinada deve 

favorecer o acontecimento do evento. 

Os materiais utilizados são listados 

abaixo e mostrados na Figura 10.  

 Xampu Seda Lissage da empresa Unilever® 
 Suporte (estruturas, parafusos e arames) 
 Reservatório de xampu (garrafa) 
 Coletor de xampu (bacia) 
 Alvo (cano de PVC cortado) 
 Regulador de fluxo (torneira) 
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Figura 10: Materiais utilizados. 

Figura 11: Montagem experimental 

 

Na Figura 11 vemos a estrutura de suporte montada, 

ela tem uma altura de ~77cm e suportará tanto a parte superior 

quanto a inferior do conjunto.  

Na parte superior teremos o reservatório de xampu, 

que deverá alimentar a torneira que libera o fio de xampu 

(Figuras 12 e 13).  

 

 
 
 
 
 
 

Figura 12: Parte 
superior da estrutura. 

Figura 13: 
Detalhe da 
torneira 
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Na parte inferior temos a rampa e o reservatório final 
que recolhe o xampu (Figura 14). 

 
 
 

Figura 14: Parte inferior da estrutura. 
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4) Resultados obtidos 
_________________________________________________________________________ 

 
Como mencionado, para se obter as medidas foi preciso fotografar o efeito. Esta 

fotografia é mostrada na Figura 15, na qual pode-se notar, com alguma dificuldade, o efeito. 

Para melhorar a visualizarão fizemos um pós-processamento na imagem a fim de melhorar 

a relação brilho contraste, o resultado é mostrado na Figura 16. 

 

 
 

Figura 15: Foto do efeito Kaye. Figura 16: Foto pós-processada.

 
Neste caso, a altura h foi de 20cm, 

fazendo a velocidade Vin igual a 2m/s. Ao 

mesmo tempo, segundo a Figura 17, podemos 

identificar que 2Rin é aproximadamente 1mm, 

enquanto que 2Rout é aproximadamente 2mm. 

Com isso podemos calcular a velocidade de 

escape Vout = 1m/s. 

 
 

Figura 17: Medidas de Rin e Rout. 
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4.1) Comentário sobre os resultados obtidos 
 

Porém, este resultado não é muito claro, já que foi possível efetuar apenas uma 

medida. Isto ocorreu devido ao fato que o efeito é muito rápido e acontece aleatoriamente, 

dificultando a obtenção de uma foto de qualidade. 

Uma opção para este problema seria a montagem proposta anteriormente no 

relatório parcial e inspirada em [3]. Nele é apresentado uma montagem que possibilitaria a 

criação de um efeito Kaye estável, e portanto mais susceptível às medidas. Contudo a 

montagem proposta não foi eficiente em criar o efeito estável que se queria, pois apesar de 

seguir as recomendações discutidas em [3] esbarramos em um problema que não foi 

previsto. Este problema foi bolhas de ar encontradas em suspensão no xampu utilizado e 

que deformam o feixe incidente variando seu diâmetro - dessa forma foi impossível criar a 

constância no fluxo necessária para criar o efeito Kaye estável. 

 
 

5) Comentários e orientações de docentes 
_________________________________________________________________________ 

 

5.1) Orientadora Profa Dra Gabriela Castellano 
 

5.1.1) Comentário do relatório parcial 
 

Minha orientadora, Profa. Gabriela Castellano, expressou a seguinte opinião sobre o 
relatório parcial: 
 

“O relatório está muito bom: além de bem escrito, as ilustrações utilizadas são de 

grande valia no entendimento do fenômeno. A descrição do mesmo para os vários níveis de 

“ouvintes” me pareceu adequada. Percebe-se que o aluno se esforçou bastante tanto na 

pesquisa para entender o fenômeno, quanto na busca dos materiais e construção do 

protótipo inicial para o experimento. Considero o desempenho geral excelente.” 
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5.1.2) Comentário do relatório final 
 

Minha orientadora, Profa. Gabriela Castellano, concorda com o expressado neste 
relatório final e deu a seguinte opinião: 

 

“O relatório está muito bom. Apesar do objetivo final do projeto não ter sido 

alcançado, foi conseguida uma foto para a demonstração do mesmo. Considero o 

desempenho do aluno satisfatório.” 

 
5.2)Profa Dra Inês Joeker do Istituto de Química (IQ) 

 
Colaborou com os conecimentos de química sobre a composição química dos 

xampus: 
 
“Um xampu constituído, basicamente, de água, surfactante e sal. O surfactante , 

geralmente, um laurilssulfato de sódio ou um lauril-éter-sulfato de sódio (ou de amônia), 
em concentração tal que forma micelas, pequenos agregados esféricos. 

O sal adicionado como moderador de viscosidade.Todos os demais 'ingredientes' 
são prescindíveis: aumentadores de espuma (dietanolamidas, betaínas, etc.), controladores 
de pH (ácido cítrico, etc.), opacificantes (estearatos).” 

 
5.3)Prof Dr Alberto Saa do Istituto de Matemática, Estatística e 
Computação Científica (IMECC) 

 
Pode colaborar na compreensão da modelagem matemática utilizada em [2] 
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6) PESQUISA REALIZADA 
_________________________________________________________________________ 

 

[1] Kaye A, A bouncing liquid stream, 1963 Nature 197 1001 
A primeira documentação que relata a existência do efeito Kaye, embora nesta 
época o autor não teve sucesso em descrever o fenômeno. 
 
[2] Versluis, M.; et al. “Leaping shampoo and the stable Kaye effect”. Journal of 
Statistical Mechanics: Theory and Experiment [JSTAT/2006/P07007] 
O primeiro artigo que explica em detalhes o funcionamento do efeito Kaye. 
 
[3] http://www.youtube.com/watch?v=GX4_3cV_3Mw Acessado em 04/10/2007. 
Filme feito pela equipe que escreveu o artigo do item anterior, muito instrutivo em 
como realizar o experimento proposto neste trabalho. 
 
[4] http://en.wikipedia.org/wiki/Kaye_effect
[5] http://en.wikipedia.org/wiki/Non-Newtonian_fluid
[6] http://en.wikipedia.org/wiki/Newtonian_fluid
[7] http://en.wikipedia.org/wiki/Thixotropy
[8] http://en.wikipedia.org/wiki/Rheopecty
[9] http://en.wikipedia.org/wiki/Shear_thinning
Conjunto de artigos acessados pela ultima vez em 04/11/2007, que explicam os 
conceitos de mecânica de fluídos utilizados neste trabalho. 
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Abstract. Shear-thinning fluids exhibit surprisingly rich behaviour. One
example is the Kaye effect which occurs when a thin stream of a solution
of polyisobutylene in decalin is poured into a dish of the fluid. As pouring
proceeds, a small stream of liquid occasionally leaps upward from the heap.
This surprising effect, which lasts only a second or so, is named after its first
observer, Kaye, who could offer no explanation for this behaviour. Later,
Collyer and Fischer suggested from 250 frames s−1 cine recordings that the
fluid must be highly shear thinning as well as elastic and ‘pituitous’ (slimy or
sticky). In addition, their results suggested that a rigid surface is required to
back the reflected liquid stream. While the words bouncing and reflection are
associated with elastic effects, we will show here that the Kaye effect is in fact
a continuous flow phenomenon. We show that the Kaye effect works for many
common fluids, including shampoos and liquid soaps. We reveal its physical
mechanism (formation, stability and disruption) through high-speed imaging.
The measurements are interpreted with a simple theoretical model including only
the shear thinning behaviour of the liquid; elastic properties of the liquid play no
role. We show that the Kaye effect can be stable and that it can be directed. We
even demonstrate a stable Kaye effect on a thin soap film excluding the necessity
of a rigid backing surface.


Keywords: rheology, soap films, complex fluids, viscoelasticity (experiment)
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Leaping shampoo and the stable Kaye effect


A wide variety of materials show shear-thinning behaviour [1], i.e. the viscosity of the fluid
decreases with increasing shear rate. Polymer melts and polymer solutions [2], emulsions
and dispersions [3] are classes of materials which often display such a non-Newtonian
behaviour. Examples include biological fluids like blood and saliva and so-called synovial
fluids found for example in the knee joint, food-engineered products like ketchup and
yoghurt, cosmetic creams, gels and liquid detergents from the personal care industry
and drilling mud, cement pastes and latex paints from the building and construction
industry. All these fluids have in common that they are stable at rest, yet in their specific
application their resistance to flow must be low. Shear thinning is related to reversible
structural break-down of the materials due to flow-induced stress.


An extreme example of shear-thinning behaviour is the Kaye effect [4], shown in
figure 1 (see videos 1–4). Here, a shear-thinning shampoo is poured from a height of
approximately 20 cm in a thin stream of thickness 0.4 mm and is visualized using a
high-speed camera at 1000 frames s−1. At first, the fluid will curl and wrinkle as any
highly viscous fluids such as honey, syrup (see video 5) or silicone oil would do [6, 7],
forming a viscous heap (figure 1(1)). At some instant, due to a favourable geometry, the
incoming jet will slip away from the heap. While for a viscous Newtonian fluid such a slip
would only lead to a small disturbance in the wrinkling or coiling pattern, in the shear-
thinning shampoo the resulting high shear rate forms a low viscosity interface leading to
an expelled jet at low inclination (figure 1(2)). Meanwhile the incoming jet will exert a
vertical force on the viscous heap forming a dimple. The dimple deepens because of the
sustained force exerted onto it by the incoming jet thereby erecting the outward going jet
(figures 1(3)–1(5)). The inclination of the streamer steepens until it hits the incoming jet
(figure 1(6)) and disturbs or even interrupts the in-flow, thereby halting the Kaye effect.
As will be shown later, during the jetting stage there is no net mass transport to the
viscous heap and therefore the heap will slowly decay at a timescale of seconds. As soon
as the jetting stops, the fluid will form a new heap from which a successive slip event can
occur, repeating the series of events.


A snapshot of a streamer ejecting from the viscous heap is shown in figure 1(A).
The ejected streamer generally has the shape of a lasso, with one end fixed to the
viscous heap and the other end directly connected to the incoming jet. As the in-flow
proceeds the lasso extends, leaving a stagnant branch and a flowing branch of fluid (see
figures 1(B), 1(3) and 1(4)). The flowing branch shoots forward and remains flowing.
One striking phenomenon that is observed in all experiments is that the outgoing jet
diameter is considerably larger than the incoming jet diameter, see figure 1(B), indicating
a lower velocity of the leaping jet. The velocities of the incoming and outgoing jet, Vin


and Vout, were measured by tracking microbubbles contained in the transparent fluid (see
e.g. videos 4 and 6). The diameter of the streamer 2Rout is found to be thicker than that of
the incoming jet 2Rin, quantitatively following the continuity equation VinR


2
in = VoutR


2
out.


The lower velocity relates to viscous dissipation in the dimple structure, as will be
shown later. The velocity of the outgoing streamer as it leaves the heap was determined
independently by measuring the profile of its perfect parabolic trajectory and these values
were found to be in very good agreement.


Upon impact the incoming jet exerts a force on the underlying viscous heap. From
the vertical component of the velocities the momentum transfer was calculated. In our
range of experiments the force was of the order of 5×10−3 N. The vertical force results in
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Figure 1. The Kaye effect for leaping shampoo. Top row: six snapshots of a shear-
thinning fluid (shampoo) showing the Kaye effect [4]. The images were recorded
with a digital high-speed camera operating at 1000 frames s−1. (1) Formation
of a viscous heap through piling, buckling and coiling at t = 0 ms. (2) Ejection
of a thin streamer of fluid initiates the Kaye effect at t = 30 ms. ((3)–(5)) The
jet rises at t = 70, 160, 280 ms. (6) The outgoing jet disrupts the incoming
jet which leads to its collapse and the end of the Kaye effect at t = 380 ms.
Note that the viscous heap decays at a relatively slow timescale (order 1 s).
See video 3. (A) Inception of the Kaye effect. A streamer slips away from the
viscous heap. One part of the lasso is connected to the viscous heap, therefore it
cannot flow and it will drop onto the bottom surface (see (B)). The other part
of the lasso is directly connected and fed by the incoming streamer and it will
therefore flow ahead. See video 4.


a spoon-like dimple structure, which facilitates the jet to leap forward; see figure 2(A) and
video 7. High-speed imaging, as was used to capture this image, allows for a detailed study
of this fast event, yet the dimple structure is also visible to the unaided eye. In Collyer and
Fischer’s work [5] the steepening trajectory of the outgoing streamer was explained by a
collapse of the heap which flattens, thereby presenting a smaller angle of incidence to the
incident stream and causing the ‘bouncing’ streamer to steepen its trajectory. However,
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Figure 2. Dimple structure in the viscous heap. (A) High-speed recording
showing the dimple structure (exposure time 150 µs). It is seen here that the
flow is continuous. Note the difference in radii of the incoming and outgoing
streamer. The viscous heap and stagnant part of the initial lasso have meanwhile
decayed. See videos 6 and 7. (B) Schematic view of a cross section of the flow
within the dimple structure used in the viscous dissipation model. V indicates
the local velocity of the jet. L represents the interaction length of the flowing jet
with the stagnant heap. The thickness of the shear layer is indicated by δ and η
represents the shear-rate-dependent viscosity.


the current explanation of a continuous flow mechanism and the formation of a dimple
that deepens with time discards this picture of a bouncing streamer.


We investigated several conditions for the release height, width and velocity of the
incoming jet for the occurrence of the Kaye effect. From these experiments it followed that
for small release heights, where the incoming vertical speed of the liquid is relatively low,
the liquid wrinkles like any viscous fluid would do. At higher incoming velocities (higher
release heights) the liquid stream slides away to the side due to its shear-thinning property;
however, the expelled jet is rapidly brought to a standstill due to viscous dissipation at the
underlying surface. Then, by a small increase in the release height, the expelled streamer
will lead to the formation of a jet. Such a critical release height was consistently found
for all studied mass flows. For even higher release heights, in the presence of a jet, we
always observed a large difference between leap height and release height, reflecting that
a considerable amount of energy must be dissipated in the dimple.


The dissipation mechanism in the dimple structure was captured in a simple energy
balance model. Our model assumes a thin shear layer between the flowing fluid and the
viscous heap. At the high shear rates present in the shear layer the viscosity of the shear-
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thinning fluid drops by several orders of magnitude. Nonetheless, some dissipation occurs
through viscous friction. The model described here calculates the incoming power and the
dissipation rate in the dimple structure. Then from the difference, the velocity and leap
height can be obtained. Figure 2(B) shows the relevant parameters for this model. The
power Pin of the incoming stream of fluid is determined by its mass flow ṁ and its velocity
Vin when reaching the viscous heap, Pin = 1


2
ṁV 2


in. At the point of impact the radius Rin of


the stream equals Rin = [ṁ/(π ρ Vin)]
1/2, with ρ the density of the fluid. Viscous friction


between the flowing fluid and the stagnant heap in the dimple structure (contact length
L) leads to energy dissipation, and hence to a loss in flow velocity. In the thin shear layer
of thickness δ between the flowing fluid (velocity V ) and the stagnant heap (velocity zero)
we assume a linear velocity profile. This leads to a constant shear rate γ̇ = V/δ, which
in our experiments is of the order of 104 s−1. The shear stress τ in the layer is then given
by τ = η γ̇, where η is the shear-rate-dependent viscosity.


The viscosities of the shear-thinning fluids used in this study were measured
independently with a coaxial cylindrical rheometer, see figure 3, for shear rates up
to 103 s−1, which was the experimental upper limit due to air entrainment and foam
formation. In the thin shear layer of the leaping jet (V = 1 m s−1, δ = 100 µm) the shear
rates are even higher. Therefore we extrapolate the experimental results following the
established empirical equation given by Cross [8]:


η(γ̇) = η∞ +
η0 − η∞


1 + (γ̇/γ̇c)n
, (1)


where η0 and η∞ represent the zero-shear-rate and infinite-shear-rate viscosity respectively,
and where the critical shear rate is represented by γ̇c. Typical values for the shear-thinning
liquids used in this study were η0 = 5–10 Pa s and γ̇c = 10–20 s−1; the exponent n
approaches unity for our studied liquids. The viscosity at infinite shear rate was taken
as that of water, η∞ = 1 mPa s. The reason for this is that the long soap molecule
structures that build up viscosity at rest break up under shear and in the limit of high
shear rates become so small that we basically end up with a solution containing isolated
soap molecules. It is difficult to estimate the absolute value of the shear layer thickness δ
from experiments. However, as we will see in the following, our description of the physical
mechanism describing the Kaye effect hardly depends on the choice of the value of δ. In our
operating range the viscosity is inversely proportional to the shear rate with an exponent
n = 1 (following figure 3). Therefore the relevant parameter describing the energy
dissipation, the shear stress τ , is constant. Detailed shear layer flow characterization
can be performed using high-resolution microparticle imaging velocimetry (µPIV). Such
an analysis is, however, beyond the scope of the present paper. Recent measurements of
shear layer rheology by Hu et al [9] for similar shear-thinning solutions shows slip layer
thicknesses of 50–100 µm, very close to the values assumed in our model.


For the shear rates in our experiment we find γ̇ � γ̇c and equation (1) can in very
good approximation be written as


η(γ̇) ≈ η∞ +
η0γ̇c


γ̇
= η∞ +


η0γ̇cδ


V
. (2)


The dissipated power dPdiss = V dF over a small contact length dx measured along the
dimple structure is calculated from the shear force dF = τ dA acting on the contact area
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Figure 3. Viscosity versus shear rate for a typical fluid used in our experiments
measured in a coaxial cylindrical rheometer (dots). The graph clearly shows
the shear-thinning properties of the fluid. The well-known problem of foaming
prevents measurements above a shear rate of 103 s−1, but the high shear rate
behaviour can be extrapolated using the established empirical equation given
by Cross [8] (solid line). This particular graph was fitted with the following
parameters: a zero-shear-rate viscosity η0 = 6.0 Pa s, an infinite-shear-rate
viscosity of η∞ = 1 mPa s (fixed to the viscosity of water), a critical shear rate
γ̇c = 18 s−1 and an exponent of n = 1 (the thin grey line indicates a slope of −1).


dA = πR dx and should be balanced by the decrease of the kinetic energy passing per
second dĖkin = 1


2
ṁ[(V (x + dx))2 − (V (x))2]. This eventually leads to the differential


equation


ṁV dV = −V


(
η∞ +


η0 γ̇c δ


V


)
V


δ
π


√
ṁ


π ρ V
dx, (3)


which can be non-dimensionalized by introducing the velocity- and length-scales β and
∆ defined as β ≡ η0 γ̇c δ/η∞ and ∆2 ≡ [ρ ṁ η0 γ̇c/π](δ/η∞)3, respectively. With U = V/β
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and ξ = x/∆ equation (3) becomes


dU


dξ
= −


[√
U +


1√
U


]
, (4)


which needs to be integrated along the dimple structure, i.e., with x ranging from 0 to L,
and V from Vin to Vout. The exact result of this integration gives an implicit equation for
Uout (Uin): [√


Uout − arctan(
√


Uout)
]


=
[√


Uin − arctan(
√


Uin)
]
− 1


2
L/∆, (5)


from which the dependence of the leap height as a function of the release height
directly follows; see figure 4(A) (lines). The model reflects the experimentally observed
threshold behaviour, which can immediately be understood by using the approximation
y − arctan y ≈ y3/3, valid for small y (small V in relation to β). Then one obtains


U
3/2
out ≈ U


3/2
in − 3


2
L/∆, i.e., there will be no outward velocity below a certain minimal


Uin,M =
(


3
2
L/∆


)2/3
which is found by taking Uout = 0 in equation (5). Physically this


reflects that the Kaye effect can only be stable if the kinetic energy of the incoming
stream exceeds the total dissipation in a dimple of length L. In dimensional quantities
the threshold velocity reads in this approximation


Vin,M ≈
(


π


ρ ṁ


)1/3 (
3


2
η0 γ̇c L


)2/3


. (6)


Most importantly, this implies that in leading order the minimum velocity does not depend
on the thickness of the shear layer δ, the only parameter in our model which cannot be
well estimated from our experiments.


Shampoos and liquid hand soaps are all elastic fluids, so one may expect elastic effects
to play an important role in the jet formation process. Interestingly, the shear-thinning
model described above does not contain any elasticity and explains the observations from
a simple kinetic energy balance. We therefore conclude that elasticity is no necessary
requirement for the Kaye effect to happen. Of course, elastic effects may play a role in
the formation and stabilization of the dimple. But in any case the rate at which energy
is stored in the dimple is dwarfed by the rates of kinetic energy in-flow, out-flow, and
dissipation.


The occurrence of the Kaye effect was studied experimentally by varying the release
height between 5 and 30 cm for a mass flow of 0.05 and 0.2 g s−1. Digital video recordings
of the experiment were analysed to provide data of the leap height, which was measured
after the outgoing jet rose to its maximum vertical distance. In addition, these experiments
provided an estimate of the jet widths and the contact lengths in the dimple structure.
Figure 4(A) shows the measured leap height versus release height (circles). It is seen that
the experimental results compare well with the model predictions. The model contains
two free fit parameters: the shear layer thickness δ and the contact length within the
dimple structure L. In the examples shown here δ was kept at 100 µm, while L was taken
from experiment: 3.8 and 5.5 mm for a mass flow of 0.05 and 0.2 g s−1, respectively.
Figure 4(B) illustrates the corresponding power of the incoming jet, the dissipation rate
and the power of the outgoing jet calculated as a function of the release height. For high
release heights the incoming power exceeds the dissipation rate, leading to a successful
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Figure 4. (A) Experimental leap height versus release height for a mass flow of
0.05 g s−1 (red filled circles) and 0.2 g s−1 (blue open circles). The lines represent
the modelled leap height as a function of the release height using the parameters
given in (B). (B) Power diagram for the Kaye effect. The incoming, dissipated
and outgoing (leaping) power plotted as a function of the release height for a
mass flow of 0.05 g s−1 (red solid line) and 0.2 g s−1 (blue dotted line). At the
critical height, indicated by the thin vertical lines, the incoming power equals the
dissipated power. Calculations are based on a shear layer thickness of 100 µm
and a contact length of 3.8 and 5.5 mm for a mass flow of 0.05 and 0.2 g s−1,
respectively.


leap. By lowering the release height the power of the outgoing jet decreases and at a
certain point becomes zero. This defines the critical release height in the model; below
this point no leaping occurs.


One observation for the Kaye effect is that, as it develops (following e.g. figure 1(1)–
1(6)), the dimple in the viscous heap deepens. Therefore the contact length increases
from its initial optimum contact length to larger and larger values, thereby increasing
the dissipation. The increase in dissipation rate can also be modelled and continues until
it reaches a critical value equal to the incoming power, thereby halting the Kaye effect.
This mechanism is observed experimentally in several occasions. The principal disruptive
mechanism to end the Kaye effect, however, is that of the physical interaction of the
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Figure 5. Cascading and stable Kaye effect. This phenomenon occurs on an
inclined plane prepared with a thin film of the same material. The fluid was
found to leap up to seven times. In addition, this effect was found to be stable
and lasted up to ten minutes, which was as long as the reservoir was supplying a
stable incoming stream of fluid.


outgoing and the incoming jets. This, however, can be prevented altogether, as discussed
in the following.


The conventional setup for the Kaye effect has the disadvantage that, because of
its geometry, the erected outgoing jet interferes with the incoming jet, leading to a
disruption of the Kaye effect (see figure 1(6)). By tilting the bottom surface we succeeded
in constructing a system displaying a stable Kaye effect which lasts for many minutes.
(A photograph of this system is shown in figure 5.) The surface is covered with a thin
film of the same material flowing from a small reservoir on top. The starting principle of
the stable Kaye effect is similar to that of the fluid falling on the horizontal plate. The
outgoing jet may originally eject in any arbitrary direction; however, the jet will always
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Figure 6. Stable Kaye effect on a liquid soap film. (A) The stable Kaye effect
demonstrated for a thin jet of a shear-thinning fluid (liquid hand soap) leaping
off a 50 µm thin film of the same material. The film is locally deformed by the
forces exerted onto it by the bending jet; however, the surface tension is strong
enough to keep the film intact. (B) As the film is optically thin this stable setup
reveals the important physical parameters and mechanisms for the Kaye effect.
See video 8.


orient itself in the direction downward along the surface, as this will minimize the contact
length and therefore the dissipation. The expelled jet lands on the coated surface and as
the jet steepens the inclination angle increases, leading to a secondary Kaye effect. This
process can repeat itself several times along the inclined plane and we have been able to
create a cascading Kaye effect with up to seven leaps. The cascading effect is also very
stable. It is the balance of the incoming power and the cumulative viscous dissipation
within each dimple which eventually terminates the cascade after a finite number of steps.


We investigated the necessity of several conditions for the Kaye effect to occur, starting
with the presence of a backing plane. We found that a rigid backplane is not required
for a support of the Kaye effect. This was demonstrated by pouring a thin stream
of shear-thinning fluid on top of a deep container filled with the same material. We
found no difference with a Kaye effect performed on a flat backing plane. We even tried
and successfully created a Kaye effect on a thin liquid soap film, as demonstrated in
figure 6(A). The soap film was stretched across a thin metal wire of rectangular shape,
the film thickness being approximately 50 µm. Shear-thinning liquid soap was poured
from a height of 20 cm and, interestingly, also in this case the fluid leaps. When the plane
of the film was inclined the Kaye effect was stabilized (as in the case of the cascade) and
could be directed. The effect continues for several minutes, or as long as the soap film
lasts through film drainage. As this setup is optically thin it allows for a detailed study
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Figure 7. Laser light guide experiment for the Kaye effect. Laser light from a
helium–neon laser was introduced into a transparent shear thinning fluid through
the nozzle opening of the reservoir. (A) The laser light illuminates the viscous
heap as the streamer terminates inside the heap. (B) For the Kaye effect the
light is transported away from the heap within the outgoing streamer indicating
the continuity of the jet. See videos 9 and 10.


of the jet bending structure; see figure 6(B) and video 8. First, the jet curvature and its
thickness (directly related to its velocity) can be deduced. Secondly, the forces exerted by
the supporting structure can be studied through our understanding of thin film curvature,
surface tension and corresponding normal forces. Finally, not studied in detail at present,
normal stresses of the rheological material may also account in part for the support of the
bending of the incoming jet.


Conservation of mass was demonstrated before, based on the velocities and radii of
the incoming and outgoing streamers. Continuity was also demonstrated in an experiment
with two similar shear-thinning fluids, one being transparent, the other being white
opaque. The transparent fluid functioned as the supporting base substance while the
opaque one was poured on top of it. From these experiments it followed that no mixing
occurred and that the two fluids in fact remain separated. This was also demonstrated
in another way by using the fluid streamers as laser light guides. In a setup with a
transparent fluid, laser light from a helium–neon laser beam was introduced through the
nozzle opening. The vertical stream then acts as a liquid laser light guide, as the total
internal reflection at the free interface keeps the laser light contained in the fluid. While
the stream ends up in a viscous heap the laser light will escape from it as the angle is in
many cases smaller than the critical angle. It will therefore brightly illuminate the heap;
see figure 7(A). During the occurrence of the Kaye effect we observe that the laser light
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remains within the outgoing streamer (figure 7(B)) (see video 9). The light now escapes
at the position where the outgoing streamer ends; in the cascading Kaye effect this can
be after five consecutive leaps or more (see video 10). The fact that the laser light does
not penetrate to the viscous heap indicates the structural changes of the fluid through
shear in the thin shear layer. The laser detection method therefore shows that the flowing
stream is in fact decoupled from the viscous heap, both in an optical sense as well as in
a fluid mechanical sense.


In conclusion, and in contrast to what has previously been reported, the Kaye effect
is comprised of the efficient bending of a low-viscosity liquid jet by a favourable spoon-like
dimple formed in a viscous heap of fluid. For a highly shear-thinning fluid, such as those
used in our study, these two conditions can develop within the same liquid.
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Kaye effect
From Wikipedia, the free encyclopedia


The Kaye Effect is a strange property of complex liquids which was first described by the British engineer Alan Kaye
in 1963.


While pouring one viscous mixture of an organic liquid onto a surface, the surface suddenly spouted an upcoming jet of 
liquid which merged with the downgoing one.


This phenomenon has since been discovered to be common in all shear-thinning liquids (liquids which thin under shear 
stress). Common household liquids with this property are liquid hand soaps, shampoos and non-drip paint. The effect 
usually goes unnoticed, however, because it seldom lasts more than about 300 milliseconds.


External links


"Puzzle of leaping liquid solved; Physicists explain how shampoo streams can bounce"
(http://www.nature.com/news/2006/060403/full/060403-10.html) , news@nature.com, April 6, 2006
"Video for above" (http://www.nature.com/news/2006/060403/multimedia/060403-10-m1.html) .
"Another Video for the above" (http://www.youtube.com/watch?v=GX4_3cV_3Mw) 
"The Kaye effect shot through a high speed camera". (http://www.maniacworld.com/The-Kaye-Effect.html) 
"Leaping shampoo and the stable Kaye effect" (http://arxiv.org/ftp/physics/papers/0603/0603183.pdf) , M. 
Versluis, C. Blom, D. van der Meer, K. van der Weele and D. Lohse, University of Twente, The Netherlands.
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Non-Newtonian fluid
From Wikipedia, the free encyclopedia


A non-Newtonian fluid is a fluid in which the viscosity changes with the applied strain 
rate. As result, non-Newtonian fluids may not have a well-defined viscosity.


Although the concept of viscosity is commonly used to characterize a material, it can be inadequate to describe the 
mechanical behavior of a substance, particularly non-Newtonian fluids. They are best studied through several other 
rheological
properties which relate the relations between the stress and strain tensors under many different flow conditions, such as 
oscillatory shear, or extensional flow which are measured using different devices or rheometers. The properties are better 
studied using tensor-valued constitutive equations, which are common in the field of continuum mechanics.


Contents


1 Common examples
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3 See also
4 External links


Common examples


An inexpensive, non-toxic sample of a non-Newtonian fluid sometimes known as oobleck can be made very easily by 
adding corn starch
(cornflour) to a cup of water. Add the starch in small portions and stir it in slowly. When the suspension nears the critical 
concentration
- becoming like single cream (light cream) in consistency - the so called "shear thickening" property of this non-Newtonian
fluid becomes apparent. The application of force - for example by stabbing the surface with a finger, or rapidly inverting 
the container holding it - leads to the fluid behaving like a solid rather than a liquid. More gentle treatment, such as slowly 
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inserting a spoon, will leave it in its liquid state. Trying to jerk the spoon back out again, however, will trigger the return of 
the temporary solid state. A person moving quickly and/or applying sufficient force with his feet can literally walk across 
such a liquid, as shown here (http://www.youtube.com/watch?v=f2XQ97XHjVw) and here
(http://video.xanga.com/tsayfan/0cde6468864/video.html) and here (http://www.youtube.com/watch?v=X84xrXFU5uc) 


Shear thickening fluids of this sort are being researched for bullet resistant body armor, useful for their ability to absorb the 
energy of a high velocity projectile impact but remain soft and flexible while worn.


A familiar example of the opposite, a shear-thinning fluid, is paint: one wants the paint to flow readily off the brush when it 
is being applied to the surface being painted, but not to drip excessively.


Classification types


Kelvin material "Parallel" linear combination 
of elastic and viscous effects


Anelastic Material returns to a 
well-defined "rest shape"


Time-dependent 
viscosity


Rheopectic Apparent viscosity increases with 
duration of stress Some lubricants


Thixotropic Apparent viscosity decreases with 
duration of stress


Non-drip paints and tomato 
ketchup and most honey
varieties.


Generalized Newtonian fluids
Stress depends on normal and shear 
strain rates and also the pressure 
applied on it


Blood, Custard


See also


Newtonian fluid
Rheology
Viscosity
Superfluids
Navier-Stokes equations
Dissipative particle dynamics
Finite deformation tensors
Oobleck
Quicksand
Bingham plastic


External links


Viscosity Chart (http://www.research-equipment.com/viscosity%20chart.html) 
A pool filled with non-newtonian fluid (youtube video) (http://www.youtube.com/watch?v=f2XQ97XHjVw) 
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Narrated scientific experiments on the effects of vibrations on a non-newtonian fluid (youtube video)
(http://www.youtube.com/watch?v=lDzampa3xrc&NR) 
Amateur experiments on the effects of vibrations on a non-newtonian fluid (google video)
(http://video.google.com/videoplay?docid=-8506174547433946109&hl=en) 
Cornstarch Lifeforms (youtube video)
(http://www.youtube.com/watch?v=NKxKVpHZe5Q&mode=related&search=) 


Retrieved from "http://en.wikipedia.org/wiki/Non-Newtonian_fluid"


Categories: Continuum mechanics | Fluid dynamics | Non-Newtonian fluids


This page was last modified 20:23, 30 October 2007.
All text is available under the terms of the GNU Free Documentation License. (See Copyrights for details.) 
Wikipedia® is a registered trademark of the Wikimedia Foundation, Inc., a U.S. registered 501(c)(3) tax-deductible
nonprofit charity.








Newtonian fluid - Wikipedia, the free encyclopedia http://en.wikipedia.org/wiki/Newtonian_fluid


1 de 2 4/11/2007 01:06


Continuum mechanics


Key topics
Conservation of mass


Conservation of momentum
Navier-Stokes equations


Classical mechanics
Stress · Strain · Tensor


Solid mechanics
Solids · Elasticity


Plasticity · Hooke's law
Rheology · Viscoelasticity


Fluid mechanics
Fluids · Fluid statics


Fluid dynamics · Viscosity ·
Newtonian fluids


Non-Newtonian fluids
Surface tension


Scientists


Newton · Stokes · others


Newtonian fluid
From Wikipedia, the free encyclopedia


A Newtonian fluid (named for Isaac Newton) is a fluid that flows like
water—its stress versus rate of strain curve is linear and passes through the
origin. The constant of proportionality is known as the viscosity.


A simple equation to describe Newtonian fluid behaviour is


where


τ is the shear stress exerted by the fluid ("drag") [Pa]
μ is the fluid viscosity - a constant of proportionality [Pa·s]


 is the velocity gradient perpendicular to the direction of shear [s−1]


In common terms, this means the fluid continues to flow, regardless of the forces acting on it. For example, water
is Newtonian, because it continues to exemplify fluid properties no matter how fast it is stirred or mixed.
Contrast this with a non-Newtonian fluid, in which stirring can leave a "hole" behind (that gradually fills up over
time - this behaviour is seen in materials such as pudding, oobleck, or, to a less rigorous extent, sand), or cause
the fluid to become thinner, the drop in viscosity causing it to flow more (this is seen in non-drip paints, which
brush on easily but become more viscous when on walls).


For a Newtonian fluid, the viscosity, by definition, depends only on temperature and pressure (and also the
chemical composition of the fluid if the fluid is not a pure substance), not on the forces acting upon it.


If the fluid is incompressible
and viscosity is constant across the fluid, the equation governing the shear stress, in the Cartesian coordinate
system, is


with comoving stress tensor  (also written as )
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where, by the convention of tensor notation,


τij is the shear stress on the ith face of a fluid element in the jth direction
ui is the velocity in the ith direction
xj is the jth direction coordinate


If a fluid does not obey this relation, it is termed a non-Newtonian fluid, of which there are several types.
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Thixotropy
From Wikipedia, the free encyclopedia


Thixotropy is the property of some non-newtonian pseudoplastic fluids to show a time-dependent change in
viscosity; the longer the fluid undergoes shear stress, the lower its viscosity. A thixotropic fluid is a fluid which
takes a finite amount of time to attain equilibrium viscosity when introduced to a step change in shear rate.
However, this is not a universal definition; the term is sometimes applied to pseudoplastic fluids without a
viscosity/time component. Many gels and colloids
are thixotropic materials, exhibiting a stable form at rest but becoming fluid when agitated.


It is important to note the distinction between thixotropic fluid and shear-thinning fluid. The former displays a
decrease in viscosity over time at a constant shear rate, while the latter displays decreasing viscosity with
increasing shear rate. Fluids which exhibit the opposite property, in which shaking for a time causes
solidification, are called rheopectic, sometimes called anti-thixotropic, and are much less common.
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Natural examples


Some clays are thixotropic, with their behavior of great importance in structural and geotechnical engineering. In
earthquake zones, clay-like ground can exhibit characteristics of liquefaction under the shaking of a tremor,
greatly affecting earth structures and buildings. Similarly, a lahar is a mass of earth liquefied by a volcanic event,
which rapidly solidifies once coming to a rest. Drilling muds used in geotechnical applications can be
thixotropic. Landslides, such as those common in the cliffs around Lyme Regis, Dorset and in the Aberfan slag
heap disaster in Wales are evidence of this phenomenon.


Another example of a thixotropic fluid is the synovial fluid found in joints between some bones. The ground
substance in the human body is thixotropic. [1]


Applications
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Examples of applications for thixotropic fluids are the thickening of food stuffs and medical products.
Toothpaste is thixotropic, which allows it to be squeezed out of the tube, yet retain a solid shape on the brush.
Ketchup is frequently thixotropic.


Modern alkyd and latex paint varieties are often thixotropic and will not run off the painter's brush, but will still
spread easily and evenly, since the gel-like paint "liquefies" when brushed out. Many clutch-type automatic
transmissions
use fluids with thixotropic properties, to engage the different clutch plates inside the transmission housing at
specific pressures, which then changes the gearset.


Laponite, a mixture of water and synthetic clay, is used in the lubrication of robotic snails/slugs (gastropods),
which rely on Laponite's thixotropic property for locomotion.


Etymology


The word comes from Greek thixis, touch (from thinganein, to touch) + -tropy, -tropous, from Greek -tropos, of
turning, from tropos, changeable, from trepein, to turn.


See also


Aberfan
Dilatant (antonym)
Kaye effect
Silly putty
Shear thinning


References


Reiner, M., and Scott Blair, Rheology terminology, in Rheology, Vol. 4 pp. 461, (New York: Achedemic
Press, 1967)


^ Hendrickson, T: "Massage for Orthopedic Conditions", page 9. Lippincott Williams & Wilkins, 2003.1.
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Rheopecty
From Wikipedia, the free encyclopedia


Rheopecty or rheopexy is the rare property of some non-Newtonian fluids to show a time-dependent change in 
viscosity; the longer the fluid undergoes shear, the higher its viscosity. Rheopectic fluids, such as some 
lubricants, thicken or solidify when shaken. The opposite type of behaviour, in which fluids become less viscous 
the longer they undergo shear, is called thixotropy and is much more common.


Examples of rheopectic fluids include gypsum pastes and printers inks.


Confusion between rheopectic and dilatant fluids


An incorrect example often used to demonstrate rheopecty is cornstarch dissolved in water, which when mixed 
resemble a very viscous and white fluid. It is a cheap and simple demonstrator, which can be picked up by hand 
as a near-solid, but flows easily when not under pressure. However cornstarch in water is actually a dilatant
fluid, since it does not show the time-dependent change when sheared required to be labelled rheopectic. This is 
often and easily confused since the terms are rarely used; a true rheopectic fluid would when shaken stay liquid 
at first, becoming thicker as shaking continued.
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Shear thinning
From Wikipedia, the free encyclopedia


A pseudoplastic material is one in which viscosity decreases with increasing rate of shear (also termed shear 
thinning). This property is found in certain complex solutions, such as ketchup, whipped cream, blood, paint, 
and nail polish. Pseudoplasticity can be demonstrated by the manner in which shaking a bottle of ketchup 
causes the contents to undergo an unpredictable change in viscosity. The force causes it to go from being 
thick like honey to flowing like water.


A shear thinning fluid is an example of a smart material, a class of materials that can respond to changes in 
the environment.


External links


The Great Ketchup Mystery (http://www.firstscience.com/site/articles/ketchup.asp) 
NASAExplores lesson on shear thinning fluids
(http://www.nasaexplores.com/show2_articlea.php?id=03-040) 


See also


Non-Newtonian fluid
Power-law fluid
Dilatant
Rheology
Kaye effect
Thixotropy
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