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Micropump Using Boiling Propagation IP h e tw'pt tf,' as.Ra ft ts'･"

Kunito OKUYAMAt
                      ,

Reo TAKEHARA't
                    '
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l Introduction

  In micropumps which use liquid-vapor phase change,
the nozzle and/or diffiiser structure next te the heater or

the plural heaters along the channel are usually used to

ebtain the unidirectiona} net fiovv[1-4]. A new concept is

associated with a peculiar boiling initiation phenomena

which occurs in highly wettiRg liquids[5]. Figure l

shows photographsjust subsequent to boiling incipience

of ethyl alcohol on a platinum film heatet having a width

of 1 mm heated stepwise. Successive activation of
bubble Ruclei occurs in the region adjacent to the
preceding nuc}eated bubbles. The authors coRfirmed the

pumping action produced by this phenomena in a
microchannel, referred to as boiling propagatien, by

rea}iziRg a unidirectional propagationl6]. Continuous

liquid transport may be feasible for a single heater in the

channel having no uneven structure by the repetition of

boiling propagation.

  In the prescnt study, the basic characteristics of the

Platinum film heater
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boiling propagation were investigated using a heater
smaller than that iB Fig.I. Pulse heating vvas repeated at a

prescribed frequency under the condition with triggering

for the prepagation in a microchannel and the resultant

pumping action ,was evaluated.

2 Experimentalapparatusandprecedure

  Figures 2 and 3 shovv schematlc diagrams of the test

section and the experimental apparatus, respectively. The

heater is a platinum film evaporated on a quartz glass

substrate havingaO.2 mm × 2 mm heating area. A
microchanRel of which both the height and vvidth are

O.25 mm is composed on the heater usiRg a rubber sheet

having a slit, a perforated acrylic resin plate, and glass

tubes. Thermal inkjet printer ink (without dye) at room

temperature is poured into the U-shaped channel. A
censtant pulse current is supplied to the heater at a

prescribed frequency, and the boiling propagation is

triggered by the bubble generated at one tip of the
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   Fig.4 Configurationofbeiiingcausedbytriggering

yoltage taps via an additional short pulse vvhen the heater

reaches a prescribed superheat. The purnping action was

evaluated based on the head difference generated
between the liquid colurnns. The pulse povver vvas
obtained from the heating current and the resistance, and

the heater temperature was obtained from the resistance

variation. A high-speed video camera was used fbr the

observatioR.

3 Experimentailresults

  Boiling occurred at ･a pulse povver e higher than 1.3
MWIm2 and at a wall superheat higher than 50 K without

the trlggering bubble. As seeR in Fig.4, as soon as the

triggering bubble is generated on the left tap, beiling is

induced at the heater and propagates rapidly to the ether

end ofthe test section (in an opeB pool). The bubble was

approximately O.4 mm in heighL Figure 5 shews the
average propagation ve'loci{y l!?,,.,, plotted with respect to

the wall superheat at the propagation AT,.,,p obtained by

changing the wall superheat at the triggering AZ･at,ing･

P'>,,., increases significantiy with'AZ,.,.p. Figure 6 shows

the time variation of the ･head difference AH during

boiling propagation repeated at frl3 Hz. di increases

with time to reach the maximum va}ue AH.., at
approximately 30 s. After the termination ofheating, the

head diffk)rence recovers to the initial state. Figure 7

shows the head difference AH... plotted with respect to

the frequencyf zthr..., increases withfand A7k･ai.,rig up to

approximately 8.7 mm at .IG:20 Hz. However, as the
frequency increases further, the pumping action was lost

due te the significant increase in the substrate
temperature around the heater, resulting in bubble
generation at a random location prior to triggering.

4 Conclusions

  A unidirec{ional boiling propagation has been realized

by triggering during each heating pulse, based on the

propagatioR characteristics. Continuous purnping action

at a frequency up to 20 Hz has been demonstrated based

on the head difference generated between liquid columns

in the channel.
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1．緒　言

　液一気相変化を利用したマイクロポンプは、（1）機械的駆

動部をもたない、（2）発生圧力や体積膨張が大きい、（3）高い

応答性をもつ、などの特徴があり、多くの研究が行われて

いる。バブルは加熱毎に発生と消滅を繰り返すだけなので、

マイクロ流路内で一方向に液を輸送するには、（1）バブル左

右の流路に流れの非対称構造を設ける1）・2）、（2）流路に沿って

設けた複数のヒータを時系列加熱する3）・4）・5＞、などの方法が

提案されている。しかしこれらの方法は流路の構成やヒー

タの加熱方法が複雑になる。

　一方、著者らは加熱面と高い濡れ性を有する液体におい

て、沸騰開始時に加熱面に沿って沸騰領域が急速に広がる

特異な「沸騰の伝播現象」が生じることとその特性を明ら
かにしてきた⑦。この沸騰伝播現象を、Fig．1に示すように

流路に沿った細長いヒータをパルス加熱し、その一端から
発生させることができれば、（a）→（b）今（c）→（d）の順に発泡

領域が推移するこどにより直管のマイクロ流路内での一方

向への液体輸送が可能となると考えられる。

　本報では、1mm×10mmの微小白金薄膜ヒータを急速加
熱した際の伝播の発生条件、伝播形態、伝播速度、伝播気

泡層高さ等を調べるとともに、ヒータの一端に設けた高熱

流東部に発生させた気泡をトリガーとして一方向への沸騰

の伝播現象の実現を計った。次にU字型マイクロ流路内で

一方向への沸騰の伝播現象を発生させ、生じた左右液柱高

さの差から本沸騰現象に基づくポンプ作用を明らかにした。

2．実験装置及び方法

　Fig．2に試験部、　Fig．3に実験装置概略図をそれぞれ示す。

主ヒータはガラス基板上に蒸着された厚さ0．2μmの白金薄

膜で、1mm　x10！nmの発熱区間の両端に設けた2本の電圧タ

ヅプのうち1本の先端縮小部を主ヒータ上の沸騰開始のた

めのバブル発生用トリガーヒータとしても用いる。白金薄

膜ヒータ上にシリコンゴムシート、ガラス板を積層するこ

とにより、ヒータが流路の水平部分全長の側壁に位置する

隙間1mm、幅1mmのU字型マイクロチャネルを形成して試
料液（エタノール）を約7mmの高さまで満たす。単一矩形パ

ルス信号を電力増幅して主ヒータを通電加熱し、ある過熱

度まで上昇したときトリガーヒータを短時間加熱してバブ

ルを発生させた。主ヒータの発熱量はタップ間電位差と加

　　　　　　　　　　　　　　　評

　Fig．1　　Princip夏e　of　pumping　mechan量sm　by　boiling

　　　　propagation　i鍛microcha難ne董
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熱電流より、過熱度は電気抵抗変化より求めた。現象の観
察にはハイスピードビデ：オ素心ラ（ユ8000f／s）を用いた。なお、

実験は室温、大気圧下で行った。

3．実験結果

　Fig。4は、流路を取り払ったバルク壷中におけるパルス加

熱時の主ヒータ上の沸騰様相の例を示す。Fig．4（a）はトリガ

気泡なしの場合、Fig．4（b）はトリガ気泡を発生させた場合で、

トリガ気泡なしでは極めて高過熱度で任意の場所から沸騰

が開始し、ヒータ面に沿って伝播が生じて全面を気泡が覆

うが、主ヒータ上で自発的な沸騰が始まる前にトリガ気泡

を発生させるとそこから沸騰がヒータ面上を伝播して他端

に達することがわかる。こうしてトリガ気泡により一方向

への速やかな沸騰の伝播現象を実現できた。なお、トリガ

気泡なしの条件では、05（MW／n12）以上の発熱量（9）で沸騰

が生じ、沸騰開始時の伝熱面過熱度は約90K以上と極めて

高い。gが比較的小さい場合には1個の発生気泡から伝播
現象が生じるが、2．0（MW／m2）以上では複数の気泡が発生し・

各気泡から伝播が開始した。また、側方からの観察により

伝播気泡の平均高さぬは9＝0．5－2．0（MW／m2）の間でh雛

0。75～1．8mmであった。

　Fig，5は、主ヒータ加熱中のトリガ気泡発生のタイミング

（トリガー時言ヒータ過熱度ム興。願8）を様々に変化させた際

の沸騰伝播開始時の伝熱面心熱度ム7』吻．と平均伝播速度

㌦。。＆の関係を示す。㌦⑳ぷはム興邸の増加に伴いほぼ直線

的に増加する。なお、ム鰐。綱8＞90Kでは、トリガ気泡によ

る沸騰が主ヒータ全面に伝播する途中で任意の場所から複

数の気泡が発生した。

　Fig，6は、ヒータ上に構成したマイクロチャネル内でトリ

ガ気泡による沸騰伝播を発生させた際の様相を示す。ゼは沸

騰伝播開始時からの経過時間を示す。トリガ気泡発生①後、

伝播気泡は主にヒータに沿った（水平）方向に成長し（②，③）、

ヒータの他端に達している。この沸騰により左右両液柱は

急激に押し上げられ、一時は内部が二相流状態となる。そ

の後両液面は低下し、⑤の時刻では最大約9．7mmの液柱差

が生じており、U字義の左から右へのポンプ作用が生じた

ことがわかる。⑥でほぼ初期の状態に戻っている。

　Fig．7は、伝播速度㌦。v8が大きく異なるム7動の二つの条

件の場合について、伝播開始からの液柱高さの差ム馬の経

時変化を示す。ム興噸エ79．7Kの場合はFig。6の写真と対応し

ている。伝播中は液柱差の増加速度が大きく、伝播が完了

した後も緩やかに増加し続けること、伝播速度が大きいほ

ど大きな液柱差が生じることがわかる。

4。結　言

　微小な白金薄膜ヒータを急速加熱した際の沸騰伝播現象

の発生条件、伝播形態、伝播速度、伝播気泡層高さなどを

調べるとともに、ヒータの一端に設けた高熱流東部に発生

させた気泡をトリガーとする能動的な一方向への伝播現象

を実現した。またU字型マイクロ流路内で一方向への沸騰

の伝播現象を起こさせ、左右液柱高さの差から本現象が液

体輸送機構として利用可能であることを示した。
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沸騰の伝播現象を利用したマイクロポンプの基礎研究

Mi（ズopump　Using　BQ丑ing　Propagadon　Phe簸omena

伝正　奥山邦人（横国大・エ）

　　　金　塩煮　（横国大院学）

　　　＊竹原令雄（横国大力学〉

伝正　飯田嘉宏（横国大・エ）
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　　Aprototype◎f　new　micropump　wh｛ch　uses　bo｛li蝕g　propagatiou　phenomena　is　developed．
Boi1沁g　is吐iggered　on　a：〔ヨlmぬeater　surface　subjected　to　high　pu互se　heati孤g　by　ge職erat沁g　a　vapor　bubble

on　a．鍛extremeiy　h｛gb　heat　fh葦x　sectio且，　and　the　oue－dfrectional　boiIi獄9　Propagat｛on　is　rea玉｛zed　alo鍛9重he

ent廿e　le鍛gth　of　the　heater　　BoiliPg　co難figuτatio丑，　propagatioll　velocity　as　well　as　the　heating

condi｛io雄s　oP　which　the　boi1沁g　Pτopagatio殺occurs　are加vestigated・　Co丑tinuous　liquid　traPspoτt　is

demo丑strated　i丑amicrochau丑el　by　repeati難g　the　o簸e．diτectioual　bo伽g　propagatio皿。　Maxim篭1鶏head

d榔elence瓢¢asured　between　Iiquid　columns　ls　8．7mm　fbr　pulse　heating　repetition　fre級ue裁cy　20Hz．

K砂W：oア45：Nucleate　BoiI｛鼓g　Propagation　Phe孤omena，　M｛cropump

1．はじめに

　液気相変化を利用したマイクロポンプは、（！）機械的駆動

部をもたない、（2）発生圧力や体積膨張が大きい、（3）高い応

答性をもつ、などの特徴があり、多くの関心がもたれてい

る。沸騰気泡は加熱毎に発生と消滅を繰り返すだけなので、

流路内での一方向への液体輸送を可能にするため、（1）加熱

部左右の流路形状の非対称化1）、（2）流路に沿う複数のヒー

タの時系列加熱2）岬4）などの方法が提案されているが、これ

らの場合、流路の形状やヒータの加熱方法が複雑iになる。

　一方、著者らは加熱面との高い濡れ性を有する液体にお

いて、沸騰開始時に加熱面に沿って沸騰領域が急速に広が

る特異な「沸騰の伝播現象」が発生することを明らかにし

ている5）。Fig，1に、ガラス基板上に蒸着した幅1．Omm、長

さ！1mmの白金薄膜ヒータをエタノールプール液中に浸漬

』し、パルス状に通電加熱した際の様相を示す。このときヒ

ータの炉端に設けた高熱流東部に短時間電流を流すことに

より、准母面過熱度が60Klまで上昇したときに強制的に気

泡を発生させ、その気泡をトリガとしてヒータ面上に沸騰

を生起させた。発生した気泡が隣接箇所の気泡核を次々と

活性化させる様に発泡が起こり、ヒータ面に沿って沸騰域

が広がる様子がわかる。著者らはこのような現象を沸騰の

伝播現象と呼んでおり、側壁にFig．1のヒータを持つU字

型マイクロ流路内で一方向への沸騰伝播現象を発生させ、

生じた左右液柱高さの差から本沸騰現象にポンプ作用があ

ることを示した6）。このような現象を繰り返し発生させる

ことができれば、凹凸形状を持たない直管のマイクロ流路

内での単一のヒータ加熱による一方向へ液体の連続輸送が

できる可能性があると考えられる。

　本報では、ヒータからの放熱性を考慮し、Flg．1に示した

ものの幅、長さともにエ／5の微小な白金薄膜ヒータを急速加

熱し、その際の伝播の発生条件、伝播形態～伝播速度を調

べるとともに、ヒータの一端に設けた高熱流東部に発生さ

せた気泡をトリガとして一方向への沸騰の伝播現象の実現

を計った。次にマイクロ流路内でヒータを一定の周波数で

繰り返しパルス加熱し、この時生じた流路両端の液柱問ヘ

ッド差からポンプ作用の大きさを調べた。

2．実験装置及び方法

　Fig．2に試験部、　Fig．3に実験装置概略図をそれぞれ示す。

ヒータはガラス基板ヒの厚さ02脚の白金蒸着薄膜で、

0．2mmx2mmの発熱区間の端部に設けた2本の電圧タヅプの
うち1本の先端縮小部をヒータ上の沸騰を誘発するためめ

気泡発生用トリガ部としても用いる6白金薄膜ヒータ上に

ゴムシート、アクリル板、ガラス細管を積層することによ

り、マイクロチャネルを形成して試料液（プリンタ用インク，

（染料抜き））を満たす。矩形パルス信号を一定周波数で発生

一
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させ、これを電力増幅してヒータを通電加熱し、各パルス

毎にヒ「タがある過熱度まで上昇したときトリガ部を短時

間加熱して気泡を発生させた。ヒータの発熱量はタップ間

電位差と加熱電流より、伝熱面温度は電気抵抗の温度変化

より求めた。沸騰現象の観察にはハイスピードビデオカメ
ラ（27000f／s）を用いた。実験は室温、大気圧下で行った。

3。実験結果及び考察
　ヒータの発熱量（凸坊束換算値）g司3（MW／m2）以上のパル

ス加熱で沸騰が生じ始め、その際の伝厚面過熱度は約50K

以上で昂った。Fig．4は、流路を取り払ったプール巴戦にお

けるパルス加熱時の様相の例を示す。伝熱面過熱度ム7』。、

が982Kの時トリガ気泡を発生させると、そこから速やかに
沸騰が開始してヒータ面上を伝播し、他端に達することが

わかる。このときの平均伝播速度は㌦。。鷲8．9m／sであった。

こうしてトリガ気泡により一方向への速やかな沸騰の伝播

現象を実現できた。

　Fig．5はトリガ気泡発生時の伝熱面過熱度ム処。ち嘘を変化

させた際の伝播開始時の三熱四過熱度ゑ鶏。ち．と㌦。。の関係

を示す。％。。は4簸。ちpの増加に伴い顕著な増加傾向を示す。

　F｛g．6は、ヒータ上に構成したマイクロチャネル内で、ト

リガ気泡による一方向への沸騰伝播現象を繰り返し加熱周

波数声13Hzにおいて発生させた際のガラス管内液柱問ヘッ

ド差Hの時間変化を示す。繰り返し加熱開始後軍30秒後に
ほぼ最大ヘヅド差（Hη鷹）となる。加熱終了直前まで最大値

を維持し、加熱終了後には速やかに初期の状態に戻った。

　Flg．7は、繰り返し加熱周波魏に対するガラス管内液柱間

の最大ヘヅド差砺礁を示す。プの増加とともにH。鷹は増加し

ている。また、ム7』。ら吻が大きいほど大きなヘッド差が得

られた。声20H：zで最大約8．7r臓の液柱ヘヅド差が得られた

が、さらにノを増加させると、連続する二つの加熱パルス間

におけるヒータの温度が顕著に上昇し、後続するパルス加

熱においてヒータ上の任意の場所から発泡し、ポンプ作用

が急速に失われた。

4．結　言

　微小な白金薄膜ヒーダを急速加熱した際の沸騰伝播現象

の発生条件、伝播速度などを調べるとともに、ヒータの一

端に設けた高熱流東部に発生させた気泡をトリガとする能

動的な一方向への伝播現象を実現した。またマイクロチャ

ネル内で一方向への沸騰の伝播現象を繰り返し発生させ、

得られたヘッド差から本現象が液体輸送方法として応用可

能であることを示した。
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急速沸騰を用いたヤイクロアクチュエータにおける繰返し加熱の許容周波数

Aユ10wable　Repetition　Frequency　of　Pulse　H：eating　in　Microactuators　using　Rapid　Boiling

’＊金　　政煮（横国大院学）

正　飯田　嘉宏（横国大・工）

正　奥山　邦人（横国大・エ）
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The　size　of　the　heater　and　the　the㎜ophysical　properties　of　the　surrou韮ding　media　significaDtly　affect　the　allowable

freque孤cy・　The　no訟一dimeusi◎nalized　aUowable　frequency　is　apPτoximated　theoτeticaUy　as　a　f聡ction　of　Fourier

number・The　predictio韮is　weU　compaτed　wl伽he　measuredτes翼1ts．

κのノWbア45：Micloac加a重。罫，　Rapid　BoiIing，　Pulse　Heating，　Allowable　Repetitio鍛Ffeql嚢e且cy，　Numerical　SimulatioP

1．緒　言

　急速沸騰を用いたマイクロアクチュエータは、サーマルイ

ンクジェヅト（TIJ）プリンタに実用化され、最近ではマイク

ロスラスタにもその適用が検討されている。しかし、短い周

期でパルス加熱を繰り返すと、ヒータ及びその周囲の温度が

徐々に上昇し、沸騰現象の再現性が失われたり、ヒータが劣・

化する恐れがある。このため、THプリンタでは、ヒータ付

近の温度がある値まで上昇すると加熱を一時休止するなどし
ている（1）。ヒータの温度上昇を許容値以下に保ちながらパル

ス加熱毎の沸騰を再現性よく繰り返すことのできる最大周波

数は、加熱パルスの高さや時間幅に加え、微小なヒータから

周囲への放熱のし易さによると考えられる。スケーリング則
③並びに著者らのこれまでの研究（3）例（5）によれば、マイクロサ

イズでは、熱伝達より熱伝導の効果が大きくなり、放熱は主

として基板や気泡発生前及び消滅後の液体への熱伝導のみに

よると見なしても大きな問題は生じないものと考えられる。

　そこで本研究では、液体に接する基板表面の微小薄膜ヒー

タの温度上昇（時間平均値）をある値以下に保つことのできる

繰返し加熱周波数んを、3次元放熱効果が考慮できる円柱座

標系2次元非定常熱伝導モデルによる数値計算で求め、無次

元数による整理を試みた。また、近似予測式を導出し、これ

らの予測値を繰返しパルス加熱実験の結果と比較した。

2．解析モデルおよび計算方法

　Fig．1に示すように、十分大きな基板の表面に直径Dん（畿2Rゐ）

の薄い微小な円板状のヒータがあり、基板表面は十分な量の

液体に接している系を考える。微小ヒータを一様かつパルス

状に繰返し発熱させた際のヒータ及びその周囲の温度変化は、

熱物性値一定の仮定の下で、以下の円柱座標系2次元非定常

熱伝導基礎式を解くことにより求めることができる。

i）ヒーダ・磯r矧・夢）・9…

i峰板及び灘（ρOP）幽晦・票）・畷笥

（1・a）

（Lb）

ここで、震1：working　Iiquid，臣2：solid　1，加3：soHd　2である。

式（ユ．a）、（1ゐ）を有限差分法で離散化し、初期温度一様、また

㍗瞥0で∂r／∂r畿0及び搾R縫煽、z託。、　z話ゐで温度一定の境界

条件の下で完全陰解法により数値解を求めた。L．。，五。，砺は

各加熱条件でのヒータの温度上昇に影響を与えないよう十分

大きく取った。繰返し加熱の全過程について計算する代わり

に、時間幅τの1回のパルス加熱で作動流体の自発核生成温度

までの丁令（△7㌔）に要するパルス発熱量9ゾと、繰り返しパル

ス加熱時のヒータの時問平均温度が予め設定した値まで上昇
（ムエ「α）して定常状態になる時間平均発熱量gドをそれぞれ繰返

し計算により求め、結果をエネルギーバランス式、　　，

　9P曾1r1ゐ轟95智　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2）

に代入することによりルを求めた。なお、基板は二層から構

成されるものとし、表1に示すように、Solid1，2について、と

もにS｛02の場合（Case　I）、　Siの場合（Case　II）、それぞれSiO2及

びSlの場合（Case　III）について、　Dゐ、τ及び△7。、△処の値を

種々変化させて計算を行った。Case　IIIにおけるSio2層は、

MEMSの加工技術によりマイクロヒータを形成する際のSi基

板とヒータとの間の電気絶縁層に対応している。

3．計算結果及び考察

　まず、計算結果に対する諸因子の影響を明らかにするため、

現象を支配する無次元量の推定を行った。同一ヒータでの異

なるτにおける単一パルス加熱終了時（戯＝265K：：）のヒータ周

りの等温線分布の例をF三g，2に示す。これよりヒータ周囲へ

の熱伝導は、ヒータ表面垂直

方向1次元と仮定した場合の

熱浸透厚さδ（一方の媒質のみ

への伝導と考えると式（3））と

Dんの大きさにより、δ＜＜Dゐで

は1次元、δ〉＞Dみで3次元にな

ることが予測できる。δ＜＜Dh

の場合、ヒータの熱容量を無

Table　1．　Compositi◎n◎f　substrate

Case Solid　1（1．25μm） Solid　2

1 Sio2 Sio2

11 Sl Si

m SlO2 Si

若

0

Work蓋難9鰍quid

SBla穏F嚴叢擁

Hea重er

　R～　　　　　　　ムど

So蓋叢d　2

“

ア

昏

Fig．1　　Schema　of　simu至aIiα1　area
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抄し基板側への熱伝導だけ考えると、単一パルス加熱時のヒ

ータの温度上昇は式（4）で表され、式（3）を式（4）に代入し、Dゐ

で除して整理すると式（5）が得られる。つまりパルス加熱時

のヒータからの放熱が1次元的または3次元的になるかはFo．
（＝αて／Dめに大きく依存すると考えられる。一方、基板との温

度差がムT。に保たれた半無限基板上の直径Dんの円板ヒータに

おける定常表面熱流束は、2次元熱伝導の形状係数5＝2窮よ
り式（6）で表される。式（4）と式（6）をそれぞれ式（2）に代入する

と式（7）が得られる。ここで、姦τ（△7㌔／△7。）を無次元許容周波

数と呼び、Φで示す。数値計算結果をΦとFoを用いてまとめ、

Fig．3に示す。なお、　FoはすべてSolid1の熱拡散率αを用いた

ものである。図から、Φは、パラメータの値によらず、Case

I，IIともにそれぞれ一本の線にまとまり、Foの増加とともに

その1／2乗に比例して増加し、Fo＞1で1に漸近する傾向を示す。

．Fo＜0．1では、ノリQDガ1となるが、これはパルス加熱時の放熱は

1次元的であり、式（4）にから分かるようにgノはDみによらな

いが、ヒータが小さくなるほど、式（6）よりg。”が大きくなる

ためと考えられる。また、Case　IIIにおいてんが非常に高く

なるのは、Sio2層の熱拡散率と熱伝導率がSlより二桁以上小

さいため、パルス加熱時の温度変化が主にSlO2層内で生じ、

一方連続パルス加熱時の時間平均放熱速度（0）は、S三〇2層が

極めて薄いためSi層に支配されるためと考えられる。

32　無次元近似化
　前述のΦのFoに対する依存性を考慮して本計算結果に対す

る無次元近似式を導いた。

｛ア。が　　い葛A　　　計算の結果、Foが大きい場合、

ルス加熱時の熱伝導もほぼ3次元となり、温度は速やかに

常状態に近づくため、パルス加熱中も定常と見なして考え

式（6）の9。”を9〆に、△7。を△筑にそれぞれ置き換えた式を

（2）のρρ”に代入し、基板と作動流体の両者への熱移動を考

すると式（8）が得られる。Case　I，IIにおいてFo＞1で計算綻

がΦ司に近づくのは同式より理解できる。

il　Foがノ、　い甥A　　　パルス加熱時のSolld1と作動流

への熱伝導はそれぞれ1次元となり、ヒータの温度上昇は

（9）で表される。また繰返しパルス加熱時の時間平均放熱

度はほぼSolid2と作動流体によると考えられるので、これ

を考慮した式（6）と式（9）を式（2）に代入すると式（10）が得ら

る。ここで、5，1と∫，2はそれぞれSolid1とSoHd2を意味する

以上の式（8）と式（10）はFig　3の破線で示されている。無次元

似式による値と数値計算結果はCase　I，　IIの場合、　Fo＜1α1

．Fo＞1の範囲で、　Case　mの場合はFig3の結果に対しFo＜1σl

Fo＞1σ2の範囲で±10％以内でよく一致した。．

4．実験：

　Sio2基板上に蒸着された白金薄膜ヒータ（0．1xO．43mm2）を

に浸して繰返しパルス加熱実験を行った。試験片、装置及

方法は既報［5］と同様である。パルス加熱時間幅2・5照と10

に対して、繰返しパルス加熱を続けても沸騰が起こらない嶺

箋欝潔暗譲猫あ薄煙筆塗装鱗
定め、式（2）から35Kの温度上昇となりうる繰返し加熱周波羅

蕊撫媚灘無熱驚議誰客慧
ルス加熱直前のヒータ温度が時間変化しなくなったときの曝

度（醐襯耀した・そ描から求められた結果をFigβ曝
沸騰モードを「刈で、沸騰モードを「匂で示す。なお、Dん墜

試験片と加熱面積が等しい230μmとした。i無次元近公式に選

る予測値に対する実験値の差は、非沸騰モードで9％、沸矯
モードで16％以内であった。従って、本モデルにおいて、薄

身の影響を無視し、また9p”とg。”によるヒータの温度上昇墜

熱戦霧謄をもとに式（2）から御めたこ灘

5．結言　　　　　　　　　　　　罐
一蓼講識轟纏ε茄燕竃鉾蓉繋縫

覆1欝灘論説謝i鐵翻：1
2），73．（3）奥山ら，Proc．11th　Int．　Heat　Trans£Conf．（！998），527．（螺

奥山ら，TSE，9－6（2001），1．（5）飯田ら機論（B》63－613（1997），304乏藩
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Pasmptltg Action by BoRliing Propagatioit Phenoxxkeita fiit a Mficrochapmmell

Kunito OKUYAMA, Reo 'IIAKEHARA, Jeong-Hun KIM and Ybshihiro IIDA

                                    Abstract

    Aprototypemicropumpwhichusesboilingpropagationphenomenaisdeveloped. Boilingis

triggered on a film heater which is heated in a pulsewise manner by generating a vapor bubble on a

local high heat fiux section, and unidirectional boiling propagation is realized over the length of the

heater. The heating power conditions vinder which boiling propagation occurs, configuratien of

propagation,sizeofbubblesaRdpropagatioRvelocityareexamined. ContinuouspumpiRgactionin

a U-shaped microchannel via boiling propagation repeated at a frequency of up to 2e Hz is

demonstrated based on the head difference generated between liquid columns ilt the vertical sectioRs.

Key ldords: Boiling Propagation Phenomena, Micropump
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Ixtrodi"ctiopt

    Micropumps which use liquid--vapor phase charige are receiving increased interest due to

advafltages such as the absence ef mechanically moving parts, 1arge pressure generation and

expansion, and high responsivity Since boiling bubbles generated by the heater placea on the

micrechannel only repeat the growth and collapse sequence, either a nozzle and/or diffuser structure

next to the heater or sequential heating of multiple heaters along the chanAel are usually needed in

order to obtain unidirectional net flow [1-5]. However, these methods make the structure and/or

control ofthe system more complicated.

    A new concept for micropumps using phase change is associated with the application ofpeculiar

boiliRg initiation phenomena which appear when the incipient boiling superheat is much higher than

that of steady-state boiling, as is often experiencing for highly wetting liquids. Figure 1 shows

high-speed video photographsjust subsequent to beiling incipience on a platinum film heater having a

width of 1 mm evaporated on a glass plate, immersed in a pool of ethyl alcohol and heated in a

stepwise manner at atmospheric pressure and room temperature, together with the tifne trace of wall

superheat. Here, e,t and A7k.t denote heating power per uRit area of the heater surface, time

elapsed after the onset of heating, and wall superheat, respectively. As soon as an initial boiling

bubble was generated on the heater at a high wall superheat of approximately 70 K, successive

activation of bubble nuclei occurred in the non-boiling regioR adjacent to the preceding nucleated

bubbles, resulting in the rapid coalescing growth of the bubbles along the heated s"rface such that the

bubble area spread over the entire surface. Although the mechanism has not been clarified yet,

distonien oftemperamre distribution iB the superheated liquid due to bubble growth may be affecting

theinductionofboilingintheadjacentregion. Ifboilingpropagationisinitiatedfromoneendof

the heater iR a microchannel, of which both the height and width are close to those of the coalesced

bubble, as shown in Fig.2, the advanciRg growth ofthe bubble toward the other end ofthe heater and

the subsequent receding collapse at the bubble tail may cause a net liqu'id transport in the direction of

the propagatioR. The authors conhrmed the pumping action produced by this phenomena in a

microchannel by realizing a unidirectional propagation using a piatiRum film heater, having a 1 mm

× 10mmarea,whichwassubjectedtosingle-pulseheating[7]. Continuousliquidtransportmay

be feasible by the repetition of boiling propagation using only one heater placed on a straight

microchannel having no uneven structure such as nozzle and diffUser.

    In the present study, the heating power conditions under which boiling propagation occurs,

configuration of propagation, size of bubbles and propagation velocity were investigated using a film

heater that is much smaller than that used in Re£[7]. Pulse heating was repeated at a prescribed

frequency under the condition with triggering bubble fbr the propagation at the eRd of the heater in a

U-shapedmicrochanRel. TheresultaRtpumpingactionwasevaluatedbasedontheheaddifference

generated between the liquid columns in glass capillary tubes.
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                       ExperameRtal apparatus and procedure

    Figures 3 and 4 show schematic diagrams of the test section and the experimental apparatus,

respectively. The heater is a O.2-ptm-thick platinum film evaporated on a quartz glass substrate

havingaO.2mm × 2mmheatingarea. Arnicrochannelhavingboth･aheightandwidthofO.25
mm is constructed on the heater using a thin rubber sheet having a slit and a perforated acrylic resin

plate. Glasscapillarytubeshavinganinnerdiarr}eterof0.7mmwerevenicallyconnectedtothe

perforations of the resin plate. Thermal inkjet printer iRk (without dye), of which the surface

tension is approximately 43 mN/m (which is significantly lower than that ofwater), is poured into the

U-shaped channel. A constant pulse current is supplied to the heater at a prescribed frequency

using a pulse generator and a power amplifier. Boiling propagation is triggered by the bubble

generated at one fine tip (having an area of O.1 mrn × O.1 mm) of the voltage taps at both eRds of

the heater via an additional short high pulse when the heater reaches a prescribed superheat fbr each

heatingpulse. Thetimingofthetriggering,thatis,thedurationfromtheheatingonsetoftheentire

heater to the triggering at the tap, was fixed during the repetition of pulse heating. The pumping

action was evaluated based on the head differeBce generated between the Iiquid columns in the

verticalglasstubesections. ThepulsepowerwasobtaiAedfromtheheatingcurrentandthevoltage

drop between the taps, aRd the heater temperature was obtained from the resistaRce variation.

Boiling bubble behavior was observed using a high-speed video camera having a frame rate of 27000

fis. TheexperimentwascoRductedatroomtemperatureandatmosphericpressure.

                                ExperimentaA resuks

    Figure 5 shows the wall superheat at boiling incipience under pulse heating without triggering

bubble AZkat,B.i. plotted against the pulse power per unit area of the heater surface 2, together with

photographs of bubbles immediately after boiling incipience under pool boiling conditions without a

channel. 2denotesthetime-averagedoneoverpulsewidth. Boilingwasonlyinitiatedata
pulse power higher than 1.3 MWIm2. The wall superheat is }arger than 50 K and increased

graduallywiththepulsepower. Asinglebubbleappearedatanarbitrarylocation,andtheboiling

area rapidly spread by propagation over the heater surface at a pulse power lower than 8.3 MW/m2,

whereas at a higher power, several bubbles appeared almost simultaneously, each ofwhich propagated

to coalesce with each other.

    Figure 6 shows the relationship between bubble height obtained via side observation under pool

boilingconditionsHbandwallsuperheatatboilingincipience. Thebubbleheightincreasesslightly

with the incipient boiling superheat and decreases significantly with aR increase in.pulse power.

The height ofthe microchannel was set to O.25 mm so as to be cemparable to the bubble height in the

case of 2 = 4.0 MW/m2 aBd was changed to O.15 mm iR the case of 2 == 6.5 MW/m2 by using a

thinRer rubber sheet.

    Figure 7 shows boiiiRg photographs at pulse heating of the entire heater with the generation of

triggering bubble at the tap under poel boiling conditions, together with the time traces of the wall
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superheat. As soon as the triggering bubble is generated at the tip of the left-hand tap when the

wall superheat increases up to the prescribed value (approximately 8e K fbr case (a) and 98 K fbr case

(b)),boilingwasinducedontheheaterandpropagatedrapidlytetheotherend. Thepropagation

wasfbllowedbythecollapseofthebubbleatthetail. Wallsuperheatdecreasedsignificantlydueto

the heat transfer augmeRted by boiling. Although the velocity of propagation fbr case (b) is

approximately 2.5 times as large as that in case (a), the configuradon of boiling propagation appears

to be similar.

    Figure 8 shows the average propagation velocity P},,., plotted against the wall superheat at the

propagation ATk.i,p measured by changing the wall superheat at triggering AZ,.t,t,,g under pool boiling

conditions. TheinceptionofboilingpropagationwasdelayedslightlyfoIlowinggenerationofthe

triggering'bubblewhenA7}.t,t,igwassettobelowerthanapproximately60K. Therefore,AZ;at,trigis

not always equal to ATk.t,p. P7,,., iRcreases significantly with A7}.t,p, but appears to be less

dependent on 2 at a wall superheat higher than 70 K.

    Figure 9 shows the time change ofthe head difference generated between the liquid columns in

the glass tube sections Ah during the unidirectional beiling propagation repeated atf= 13 Hz in the

microchannel. AhincreaseswithtimetoapproachthemaximumvalueAh..atapproximately30s.

Themaximumvalueismaintainedduringtherepetitionofpulseheating. Aftertheterminationof

heating, the head difference decreases gradually to recover to the initial state.

    Figure10showsthemaximumheaddifferenceAh..plottedagainstthefrequencyf Ah.ex

increases markedly with the increases in bothfand AZ,.t,t,ig up to a maximum of approximately 8.7

mmatf=20Hz. Inaddition,scatteringincreaseswithfrequency. TheincreaseinAh...with

respecttoA71;at,t,igmaybeduetothemarkedincreaseinthepropagationvelocity However,asthe

frequency increases further, the head diffk)reAce decreases abruptly during the repetition of pulse

heating,asshowninFig.l1(a)forcaseoff=25Hz. Theheatertemperatureateachpvtlseheating

shifted appreciably higher after one-thousand repetitions of pulse heating, as seen in Fig.11(b),

indicating that the substrate temperature around the heater increased significantly fbr the repeated

pulse heating, resulting in the geReration of bubbles at random locations along the heater prior to

triggering. Thismaybethereasonforthelossofpumpingaction.

Concli"sions

    A unidirectional boiling propagation has been realized on the film heater by generating the

triggeringbubbleattheendoftheheaterfbreachoftherepeatedheatingpulses. Thecontinuous

p"mping action by the boiliRg propagation at a prescribed frequency in the microchaRnel has been

confumed by the head diffk)rence generated between liquid co}umns in the glass tubes of the

experimental apparatus. Pumping at higher frequencies will be enabled by app}ying a smaller

heater and/or choosiRg the substrate material and composition such that the temperature increase of

the substrate would be suppressed (luriHg the repetition of pulse heating.
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Nomenclature

f repetitioRfrequeRcyofpulseheating,s"i

Hb heightofpropagatingbubble,m
Ah, Ah.. head difference between liquid columns and maximum head height, m

2
2trig

n
A7}Jat

ATI at,B.I.

AZyat,p

A7}Jat,trig

t

l>}),av

pulse power per unit area of heater surface, Wlm

triggering pulse power at tip ofvoltage tap, W/m

liquid temperature, OC

wall superheat, K

wall superheat at boiling incipience, K

wall superheat during boiling propagation, K

wall superheat at triggering, K

time elapsed after onset ofheating, s

average velocity ofboiling propagation, mls

2

2

1
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ARlowable Repetition Frequency ofPulse Heating fin Micyoactuatgrs

                          Using Rapid Boiling

            (Effe£ts of heater size and substrate mateyiag)

Kunito OKUYAMA ,Jeong-Hun KIM and Ybshihiro IIDA

Abstract

    High frequency pulse heating ofheaters in microactuators utiliziRg the rapid expansion efboiling bubbles

causes a gradual increase in the temperature ofthe heater and the substrate material in the immediate vicinity

of the heater, resulting in a loss of reproducibility of the boiling phenomena. In the present report, the

maximum frequency at which the time-averaged increase in the heater temperature cEm be maintained within

allowable limits is obtained from numerical simulatioAs of heat conduction from the heater to adjacent

materials using a model in an axisymmetrical system. Instead ofdirect calculation ofthe entire repetition

process, calculations for two different heating conditions, single pulse heating and steady heating at a

time-averaged power during repetition of pulses, are perfbrmed. The etfects ef heater size, pulse width aRd

substrate properties on the allowable frequency are examined aRd approxirr}ate correlations fbr the aliowable

frequency are derived in dimensionless fbrm based on an analytical examinatioR. The results show that the

allowable frequency increases significantly with a decrease in heater size for prescribed conditions ef pulse

width aRd temperature increases during both pulsed heating and steady heating at atime-averaged power. The

simulated results are verified by comparison with those from experiments both with and without boiling.

KeywoTzis: Rapid Boiling, Microactuator,

Numerical Simulation

Pulse Heating, Allowable Repetition FrequencM Heat conduction,
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1. Introduction

    Microactuators are the key devices iR microelectromechanical systems (MEMS) and many designs based

on various principles have been proposed and developed over the last two decades. Thermal inkjet (TIJ)

printers make use of a type of microactuator that utilizes rapid expansion due to phase change of liquid into

vapor(i)ly(4). A similar type ofmicroactuators has also been examined for use in the attitude control systems of

micro anificial satellites(5). These actuators require a rapid bubble growth and collapse sequence with high

reproducibility on a small heater fbr each high heating pulse. However, pulse heating repeated at high

frequencies may cause a significant and gradual increase in the temperature ofthe heater and substrate adjacent

to the heater, which may result in the loss ofreproducibility ofboiling phenomena and/or darr}age to the heater

due to overheating(6)N(8). In some practical applications, the pulse heating is paused when the substrate

temperature exceedsapreset value(8). .
    The allowable frequency, which is the maximum repetition frequency by which the increased

(time-averaged) heater temperature can be maintained within allowable limits, may be dependent on the mode

of heat diffusion from the heater to adjacent materials as well as the pulse power and pulse width, which are

determined from the conditions required for actuation. As the size of the heater is decreased, the

three-dimensional efliect in the diffusion ofheat may become significant in the suppression ofthe increase in

(time-averaged) heater temperature under a prescribed surface heat fiux at the heating pulse, resulting in an

increase in allowable frequency. Successive actuatioR at frequencies ofthe order of 1,OOO to IO,OOO Hz is

enabled in TIJ printers using heaters measuring tens to hundreds of micrometers(4) (9).

    Heat dissipated in the heater during pulse heating may difuse into the substrate and liquid by conduction

and convection including boiling. However, boiling duration, which can be microseconds to tens of

microsecends uRder pulse conditions for spontaneous nucleation, is usually significantly smaller than the

single period ofrepetition(9). In additioR, significant increases in heat transfer due to rapid boiling have only

been observed at the instant ofbubble collapse, which differs from usual boiling phenomena(iO)(ii). Moreover,

heat conductioA, of which the rate is proportional to the characteristic length, becomes relatively significant

compared to convection heat transfer, ofwhich the rate is proponional to the square ofthe characteristic length,

according to the scaling law(i2). Therefore, the diffusion of heat from the heater to the aCljacent materials

associated with the temperature increase ofthe heater during pulse heating can be regarded as dominated by

coRduction.

    In the present study, the maximum frequency with which the steady increase in the time-averaged heater

temperature caR be maintained within allowable limits during pulse heating is obtained by numerical

simulations based on the heat conduction from the heater to adjacent materials. The effects of heater size,

pulse width and properties of the substrate on the allowable frequency are examined. Approximate

correlations fbr the allowable frequency are also derived in dimensionless fbrm frem analytical examinations.

The simulated results are compared with those obtained from experiments both with and without boiling.

2. Nemenclature

Cp specific heat [J/(kg'K)]
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diameter ofheater [m]

repetition frequency ofpulse heating [s-i]

allowable repetition frequency ofpulse heating [s-i]

Fourier number [-] (==aT/:l)h2)

thermal conductivity [Wl(m'K)]

length [m]

heating power per unit heater surface area [W/m2]

pulse heating power per unit heater surface area [W/m2]

heat flux transferred to the medium by pulse heating [W/m2]

time-averaged heating power per unit heater surface area [W/m2]

heat fiux transferred to the medium by time-averaged heatiRg [Wlm2]

time-averaged heating power per unit heater surface area in case of iRfinite distances to the

outerbounds [W/m2]

coordinate in the radial directioR [m]

radius ofheater [ml

shape factor for two-dimensioRal heat conduction [m]

time [s]

allowable limit ofheater temperature [OC]

heatertemperature [OC]

local temperature in media [OC]

liquid bulk temperature [OC]

heater temperature at termination ofpulse heating [OC]

allowable limit ofheater temperature increase [K]

heater temperature increase at t= iduring pulse heating [K]

coordinate in the perpendicular direction [m]

thermal dififusivity [m2/s]

heat penetration depth [m]

thickness of fiim heater [m]

dimensionless aliowable frequency [-](=.f2TT(ZST./A7}z))

density [kglm3]

pulse width [s]

3. Simulation medeM and proeed"re

    We consider a small film heater located on the surface of a large substrate beiRg in contact with a

sufficient volume ofliquid and heated in a pulse-wise manner at a pulse power per unit heatersurface area 2p ",

pulse width iand repetition frequencyf The heater temperature fbllows arapid increase and gradual decrease

sequence, and the time-averaged heater temperature over a single repetition period gradually increases to reach

a constant value after a sufficient time period. However, direct simulation of the eRtire transient heat

conduction process from the heater to the media until the average temperature tends to a steady value requires
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calculations over millions ofrepetitions. Therefbre, we consider steady heating at a power'averaged over the

repetition period 2," expressed as the fbllowing equation.

               2,"- s2,"of (i)
Although the increase in heater temperature at 2,"is not equal to that ofthe time-averaged heater temperature

during pulse heating at g", T and.L the diiiference may be insignificant. Therefbre, instead of direct

calculation ofthe entire conduction process during pulse repetition, the calculations were performed under two

different heating conditions in order to derive the allowable frequency. The first condition states that the

transient heatiRg at a single pulse 2p"by which the heater temperature increases to the temperature required fbr

boiling initiatioR T, at the time equal to the pulse width, for example spontaneous nucleation temperature of

liquid. The other states that steady heating at the time--averaged power 2,"by which the time-averaged heater

temperature over a single repetition period is regarded to increase to a preset value of allowable temperature 7L.

Both power values 2p" and 9,"were determined via iterative calculation for prescribed temperature increases

and the allowable frequency.IZ was obtained by substituting these power values and the pulse width into Eq.

(1).

    Numerical calculations were performed fbr the model under axisymmetrical conditions, in which the

three-dimensional heat diffusion effkDct can be expressed in a Cartesian co-ordinate system. As shown in Fig.1

a small disk film heater ofdiameter and thickness Dh( :2Rh) and of, respectively, was placed oR the surface of

a large substrate being in contact with a sufficient amount of liquid. The temperature variation of the heater

during heating at 2p" or 2,"was obtained by solving the transient heat conduction equations for the associated

media (Eq. (2)) under the fbllowing assumptions:

 1. Heat diffusion from the'heater to adjacent media only by conduction

 2. Constant propenies

 3. Unifbrm temperature across the heater film

For the heater

               0o7,)'=!iliti'ii,}(rOo7,>')+(p.9i6, ･ (2･a)

For the liquid and substrate

               O,? :SIL' zll,T(r 6,Z, )+a, ?i}(0,,Z) (2 b)

where 2" is the pulse power 2p" fbr pulse heating and the time-averaged power 2," fbr steady heating. The

subscripts i -- l and s denote the Iiquid and substrate, respectively. These heat conduction equatioRs were

discretized according to the finite difference method and then numerical solutions were obtained using a fully

implicit scheme under the following initial and boundary conditions(i3).

Initial condition:

               rrr, z, t xx O) = n = 250C

BouRdary conditioRs:

                        0T
               }"=o :-=o
                        Ol"

               7"=Rh+Lre :T(Rh+Li-e,Zpt)=:7")

(3)

(4)

(5)
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               Z:La :T(r,L.,t):7> (6)
               z==Lb :T(r,L,,t):7} (7)
where, La, Lb ahd Lre are the distances from the heater to the outer boundary efthe calculated region and were

sufficiently large so as not to affect the increase in heater temperature. For heating at power 2,", the power

was imposed in a stepwise manner and the calculations contiRued until the heater temperature reached a

steady-state.

    The propenies of the film heater and the liquid were equal to those ofO.25 ptm thick layers of platinum

and water, respectively. The properties of the substrate were set to either of two cases, Si02 (quartz

glass)(Case I) and Si(Case II). Dh was varied from 1O ptm to lO mm. i was varied from 2.5 ps to 100 ms and

O.5 pts to 10 ms fbr CaseI and Case II, respectively. The temperature increase at timet= T for power s2p"was

set to ATr(" T. wk' 7>) == 265 or 285 K by assuming the value of T, around spontaneous nucleation temperature

for water. The temperature increase for power 2,"was set to AZ,(= 7}, - 7>) == 25, 40 or 65 K.

4. Results and Considerations

    4.1 Resuks of numerical simulation

    Figure 2 shows the calculated allowable frequency plotted against the diameter ofthe heater fbr different

substrate materials and pulse widths. It can be seen thatjC, increases significantly with a decrease in Dh for a

prescribed pulse width and tends to saturate at a large pulse width for both substrate cases. The frequency

allowed for the silicon substrate (Case II) was much higher than that for the quartz glass substrate (Case I) fbr

the same values ofDh and z

    In erder to understand the systematical effects of these related physical quantities on the allowable

frequency, dimensional analysis was performed. Allewable frequency caR be correlated to 2p", s2,"and g as

seen in Eq.(1), where 2," :2,"(AT. a, k, Dh, O and 2," = 2,"(A7,, k, Dh) ifthe effect ofheat capacity ofthe

heaterissmall. kandaarethethermalconduotivityandthermaldiffusivitysrespectively. Forseven

independent'variables:j{i, z Dh, Qs k, AT. and A72,, three independent dimensionless parameters goveming the

phenomenon were derived as azlDh2 (= Fb), oc z) and (AT,/A7li). Here, the product ofthe latter two is

defined as a dimensionless allowable frequency deBoted by (l> (N!E oc z)(z<IT,/A7},)). Calculated values of72

over the examined ranges ofDh and Tfbr both substrates have been plotted in Fig. 3 as the relationship between

<b and Fo, where thermal diiifusivity ofthe substrate materiai was used to calculate the Fourier number. The

results for diliferent values of AT, and A7h are also shown in the figure. The broken 1ines represent the

predlction by the aRalytical model described in subsequent section. The dimensionless allowable frequency

by the numerical simulatiolt is fbund to`be well correlated with the Fourier number for each substrate case,

regardless of the magnimdes of Dh, q AT, and A7h, where <I) iRcreases with an increase iR Fo being

proportional to the square root of fo and approaches unity for Fo > O.I.

    Figure 4 shovvs the isotherms around a heater of prescribed size and AT, at the termination of pulse

heatingt== Tfor two different pulse widths, which were obtaiRed from the above numerical simulation. The

numerals on the isotherms represeRt the temperature iA degrees Celsius. For small values of T (Eo = 6.3 × 1O-3),

the temperature variatiolls in the substrate and liquid were restricted in the immediate vicinity ofthe heater and

nearly oRe-dimensional in the directioR normal to the heater surface ever a significant part ofthe surface area.
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For large values of i (fo = 63), the terr}perature varied in the media to extend three-dimensionally.

    4.2 AnalyticalcoRsideratiens

    The dependency of the dimensionless allowable frequency on Fourier number at very large or sfnall

values as seen in Fig. 3 was examined based on the analytical models. We consider a large substrate with a

small film heater disk on its surface, ofwhich beth exposed surfaces are thermally insulated (see Fig. 5). The

heat penetration depth to the substrate at the termination of pulse heating "6" can be defined using Eq. (8)

under the assumption of one-dimensioRal heat conduction normal to the heated surface and negligible heat

capacity ofthe heater

               6= k, 2",Zil,,, (s)
where 2p'li represents the heating power imposed on the heater, which is equal to the transient heat flux

transferred to the medium i (i -- l or s). As shown in Fig. 5, heat diffusion to the substrate will become

one--dimensional for 6<< Dh and three-dimensional fbr 6>> Dh depending oA the relative magnitude of 6to Dh.

Ifthe heat conduction is one-dimensional and the heat capacity ofthe heater is negligible, the increase in heater

temperature at the termination of pulse heating AT. can be expressed as the fbllowing equation(i4).

               A7} ,. 2¥,iillfi･VIF 2,",, (g)

Elimifiating AT. and 2, Li from Eqs. (8) and (9), we find that the ratio ofthe heat penetration depth to the heater

diarneter 61Dh can be expressed only as a function of the Fourier number Fb (== aofDh2).

                62VEg77 2V7:i ,               D, ny VllillD,- Vli (lo)
    Under the condition of an extremely large or extremely small Fourier number, analytical expressions to

predict the allowable frequency as well as the heater temperature increase can be derived for the system ofFig.

1 in the following way.

1) Eo << 1

    Heat diffusion from the heater to the substrate and Iiquid is one-dimensional in the direction normal to the

surface. Assuming a negligible heat capacity of the heater and no heat exchange between the substrate and

liquid in the region nextto the heater (r > Rh), the relationship between the pulse heating power s2," and the

increase iR heater temperature at time l= rcan be expressed as

               g, ･･=2, ･t,, +e, ･･, == g.v,i, (k+ ililllii= )Az (ii)

where the subscripts s afid l denote the substrate and liquid, respectively. The ratio of heat fiux transferred to

the liquid to that to the substrate is approximately O.49 :O.51 for Case I and O.09: O.91 for Case II from Eq. (9).

UAder the same assumptions as those for pulse heating, the relationship between a steady heating power 2,"

and the corresponding heater temperature increase A7}, can be expressed by referencing the shape factor fbr

two-dimensional heat conduction systems, S = 2Dh(i5), as
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                                8
                                   (ks "ki )A 7L (1 2)               2s":9s ",s -l-2s "! :
                               cbh

Substituting Eqs. (11) and (12) into Eq. (1), we obtain the relationship between <b and Fb.

               `b=k,(lii}i'lkill¥[vli (.'392 (V]Pi5"X) (i3)

2) Fb >> l

    Figure 6 shows the time trace of heater temperature during pulse heating for a prescribed heater size at

several differeRt pulse widths. Heating power was adjusted in the calculation so that the heater temperature at

time t== Twas equal. As Fb increases, the heater temperature tends to a steady-state immediately after the

oRset of heating, which means that the heater temperature is approximately equal to that at the steady-state

over the period ofthe pulse heating width fbr Fo >> 1. Therefore, in the same way as Eq. (12) fbr 2,", the

relatioRship between the heating power 2p"and the increase in heater temperature AT, at t== rcan be expressed

as

               2p""= ep",s"2p",i :}iili, (ks"ki )A71r (14)

Substituting Eqs. (12) ar}d (14) into Eq. (1), we obtain

    The broken lines in Fig.3 represent the values calculated by Eqs. (13) and (15). These lines are found to

be asymptotes for the predicted values by numerical simulatioR firom the figure. The analytical prediction

agrees with that ofthe numerical simuiation within ±7% for Fb < 1O-2 and 17b > l in the case ofa quartz glass

substrate (Case I). However, the analytical model predicts values that are slightly smaller than that ofthe

numerical simulations fbr Fo < 10-4 when using an Si substrate (Case II). The deviation in the Si substrate

case may be due to the efliect ofsignificant heat fiow from the substrate to the Iiquid through the direct contact

region next to the heater (T > Rh). This is because the thennal conductivity and thermal diffusivity ofsilicon

are two orders ofmagRitude larger than those ofwater. Akhough such an effect was not taken into account in

the analytical medel, the analytical correlations can predict the results obtained by the numerical simulation

withiR t1O% over the ranges fo < 1O-2 and Fo > 1 aRd within ±35% fbr 1O-2 < Fo < 1 fbr both substrate cases.

    The dependence of ¢ on Fo in Fo < 10-2 ((l> oc Feii2) implies that the allowable repetitien frequency

varies inversely with heater diameter nt oc 1/Dh) over the same range. The heating power (per unit surface

area) 27,"required fbr increasing heater temperature up to AT. att== T is not dependent on heater size as seen in

Eq. (11) because heat difusioft from the heater to the media is almost one-dimensioRal during pulse heating,

whereas the steady heating power (per unit surface area) corresponding to the increase in heater temperature is

inversely proportional to the heater diameter as seeR in Eq. (12). This is because heat diffusion is

three-dimensional during steady-state heating. This difference betweeR the dependei}ces of 2p" aBd 2," on

heater size may result in an increase in allowable repetition frequency with a decrease in heater size.

    When Fo > 1, which corresponds to an extremely small heater and/or long pulse width, heat diffUsion

during pulse heating becomes three-dimeRsioma1, which means that s2p" is also inversely proportiona1 to Dh,

resultiRg inn being independent of Dh. This may be the reason for the saturation tendeRcy of.fZ, with the

decrease in Dh at large pulse widths as seen in Fig. 2.
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    In actual microactuators, fbr example TIJ heaters, the value ofFo calculated using the thermal diffusivity

of Si02, which is the material used for the insulatioR layer between the heater and silicon substrate, may be

within the range 1O-4 to 1o-3.

    4.3 Effect efdistance to heat sink

    As mentioned above, the distances from the heater to the outer bounds of the numerically calculated

region La, Lb and L,e, on which the boundary conditions of the first kind were applied, were assumed to be

sufficiently large so as not to affect the heater temperature. However, in practical applications, the distance

from the heater to the heat sink must be small. A decrease in the distance may increase the allowable

frequency fbr small values of2[ b, causing an increase in the value of e," for a prescribed temperature increase

(see Eq. (1)). Figure 7 shows the ratio of heating power 2,"to that in the case of infinite distances to the outer

bounds 2,. ", as a function ofthe distance L.toh, where L. :Lb =L,, fbr CasesI and II. 2,'7 2,."increases with

a decrease in L. /Dh by approximately 1O% for L.IDh = 1.8, 309i6 fbr L./Dh ur= O.9 and 50% fbr L./Dh == O.6, fbr

both cases. Therefbre, the results shown in Fig. 3 will also be valid with an error of less than 1O% when the

distance from the heater to the heat sink is twice the diameter ofthe heater.

5. Experimental results

    In order to confirm the validity ofthe numerical simulation, experiments were performed in which a film

heater was heated in a pulse-wise manner and the increase in heater temperature was measured. A platinum

film heater with a thickness of O.25 ptm and heating area of100 pm × 400 pm evaporated oR a quartz glass

substrate with a thickness of l mm was placed upwards in a peol of distilled water. It was heated at a

prescribed repetitioR frequency at atmospheric pressure and room temperature (25 OC). The heater

temperature was measured via resistance thermometry. The test specimen, experimental apparatus aRd

measurement method were as described previously(i6). 2p"was adjusted under single pulse heating to either

the power at which z<iT. was 235 K such that boiling did not occur during repetitioR (no-boiling mode) or a

slightly larger power at which AT. was 265 K such that boiling occurred (boiling mode), fbr pulse widths of

2.5 and 1O pts. The value of 2,"was determined such that A7}, was 35 K from the steady heating experiment.

Pulse heating repetition was performed at the frequency obtained by substituting the power values and pulse

width into Eq. (1). The heater temperature was measured immediately befbre each heating pulse by supplying

a small (O.2 A) aRd short (10 pts) current that did not affk)ct the increase in heater temperature. The

dimensionless repetition frequency was estimated by using the steady increase in the measured "before pulse"

heater temperature instead oftime-averaged value. The diameter efthe heater in the Fourier number was

assumed to be 230 pm such thatthe surface area of the heater was equal to that ofthe test heater.

    The experimental results are shown in Fig. 3, where no-boiling mode is indicated by "×" and boiling mode

by "+". The difference in the fiumerical and experimental values of (I> is within 9 % for the no-boiling mode

and 16 % fbr the boiling mode fbr the same Fourier number. Small deviations in <b between the boiling and

no-boiling modes may imply that boiling occurring as the result ofeach pulse dees not significantly affect the

time-averaged increase in heater temperature duriRg pulse heating. From the results shown in the figure, the

present model based on the numerical simulation of the heat conduction associated with the terr}perat"re

increases during both pulse heating and steady heating at a time-averaged power can be concluded to be valid
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in the prediction of allowable frequency.

    The micro film heaters fabricated by MEMS technology usually have a thin Si02 layer between the

heating element aRd silicon substrate. This layer may function so as to increase the allowable repetition

frequency ofpulse heating as well as to provide electrical insulatioR. The effect ofthe layer on the allowabie

repetition frequeacy will be examined in detail in future reports.

6. Procedure to ca}cugate agRowable frequency

    When we calculate the allowable repetition frequency using the numerical results shown in Fig. 3 for a

prescribed pulse power s2p", it is necessary to be able to obtain the temperature increase AT, at l= ifrom the

values of 2p"and Tfor an arbitrary size ofheater. The temperature increase at pulse heating rr}ay be expressed

in the functional fbrm ofdimensionless quantities according to dimensional analysis

                (2111)･ ,Z., )- g( .a,T,) (i 6)

where (kATD/(2p'7)h) and (aofDh2) are the dimensionless temperature increase and dimensionless heating time,

respectively, and g denotes a function. After a sufficiently large heating peried, at which the situation reduces

to that of steady-state heating, the temperature increase rr}ay be expressed in terms ofthe temperature increase

AZ7 and power 2,"as

                (2k,A,,IDZ}i,) :c (1 7)

where C is a constant having a value close to nd8 (refer Eq. (12)). Substituting Eqs. (16) and (17) into Eq. (l),

we get

                ¢-(fbi(2E)=-Sg(g,{):2f(,IIe･･Z.,) (is)

Equation (18) implies that the dimensionless allowable repetition frequency changing with the Fourier number

(shown in Fig. 3) is proportioRal to the temperature increase of the heater during a siRgle heating pulse.

    Figure 8 shows several time variations of temperature increase duriAg pulse heating by the numerical

simulations (solid liRes), which are depicted in terms ofdimensionless quantities appearing in Eq. (l8). The

thermal conductivity in the dimensionless temperature increase was expressed in the summed fbrm (h + k)

consideriRg heat conduction to both materials. The allowable firequeRcies obtained by the simulation in Fig. 3

are also plotted in the figure. Temperature increases at different heater sizes and heating powers are well

correlated oRly by the Fourier number for both the substrate cases and agree with the allowable frequencies

over the range Fo > 10'3 to within ±6%. The disagreement in the range Fo <IO-3 may be due to the heat

capacity ofthe heater. The effect ofheat capacity oi} temperature increase during pulse heating is significant

only in the early stages and reduces with time. In the simulation for the allowable frequency, the pulse width

was set so as to be sufficiently loRg.

    Tb sumrnarize, in the calculation of the allowable frequeRcy, we first choose the substrate and liquid
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materials, aRd assi}me values of heater size Dh, pulse heating power 2p", pulse period T and temperature

increase A7h. Next, we obtain the temperature increase AT, and dimensionless allowable frequency <b using

Fig. 8 and Fig. 3, respectively, for the cerresponding Fourier number. The value of allowable frequencyn is

calculated from the definition of ¢.

7. Conclusions

    The maximum frequency at which the increase in time-averaged heater temperature can be rnaintained

below an allowable limit during pulse heating iR microactuators using rapid boiling has been predicted based

on a numerical simulation of heat conduction from a heater to adjacent materials. The calculations were

performed fbr single pulse and steady heating at a time-averaged power instead of direct calculation of the

entire repetition process. The results show that the allowable frequency increases significantly with a decrease

in heater size fbr prescribed conditions ofpulse width and temperature increases during both pulsed heating

and steady heating at a time-averaged power. The frequency tends to saturate with a decrease in heater size for

long pulse widths.

    The effects of heater size, pulse width and propenies of substrate on the frequeRcy have been correlated

over wide ranges in terms of the dimensionless quantities goveming the phenomenon. In addition,

approximate correlations for the allowable frequency in dimeRsionless fbrm, which well predict the firequency

bynumericalsimulationintheraAgesFo<10-2andEo>1,havebeenderived. ,

  The simulated repetitioft frequency agrees with the results obtained from experiments both with and without

boiling. The present model, in which the cooling effect due to boiling and natural convection was disregarded,

will be valid fbr the prediction of allowable frequency.
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