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摘要

作者根据逆环状流膜牵褥. (IAFB) 的可视化实验结果，将诙流型理想化为一个两区物

理檀型..按现区物理模型假定.矗立二维.二流体数学解析模型.官由厨量.动量和能量

守恒徽分方程以及相应的本构方程构成完全方程组，然后用数值方法求解.用雷模型分析了

穰相.汽相鲁敷以及加热营的壁温，与Stew.rt的实验敷掘进行了比肇.两者相当一重.可惜

地预示了穰体过冷度.质量流率、系统压力和加热热流事对加热面温度的影响.同时选#事实

例分析了流动二维效应和韧始汽酶厚度取值对加热面温度和a厚变化的影响.结果囊明z 在

讨论的拖圈内忽略两锥效应对壁面温度影响不大z 韧始脏厚取值不同对加热面温度变化和.

厚变化无显蕃影响.

提.饲脏牵沸腾安全分析反应堆数学模型



TWO-DIMENSIONAL ANALYTICAL MODEL

OF INVERTED-ANNULAR FILM BOILING

Hsu Chichun Yang Yanhua Cheng Fεng

(Shanghai Jiao Tong University)

ABSTRACT

A two-dimensional two-fluid model is developed to predict tbe liquid and

yopour parameters as well as tbe surface temperature of a beated tube. A two

r8gioDs of physical mode1i吨 represents inverted-anDular film boi1iDg(IAFB)based

on autbor's visual observatioDs. The analytical model is consisted of a set of

differential conservation equations together with appropriate closure correlatioDs

and solved numerically.Successful comparisons are made between model predic

tions and Stewart's experimental data. Generally , tbe model predicts corre

ctly the dependence of wall temperature on liquid subcoo1ing , mass flo W' rate ,

pressure and beat flux input. Tbe two dimensional ~ffectness isn't very sig

nificant. The initial vapour film thickness doesn't influence the wall tempera

ture predictions very much.
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1. Introduction

InYerted-annular film boiling is usually eneollntered i四 accide四t aIlalysis

of nuclear reactors during the reftωding phase following a postulated loss-of

-cωlaat accideDt( LOCA). A good understandi吨。f the heat transfer processes

occuriag is of paramouDt importance for the determiuUon of the peak clad

ding temperature. It is also important for manJ other areas of engineering

technology and geophysics such as the cooling of rocket engines. quenching of

metals and flow of cryogenic liquids in heated pipes.

The two-phase flow and heat transfer phenomena in IAFB are rather 10:010

plex. The heat is transferred from the hot wall to the vapour blanket and

subsequently from the upour to the liquid core.Some heat will also be trans

ferred directly from wall to the liquid core by radiation. For a initial subcool

ed liquid core , part of this heat will be used for raising the vapour temper

ature and part for reducing the subcoolillg. For a saturated liquid core , the heat

will be mainly for vaporization , hence repidly increasing the vapour film

thickness. All these heat transfer mechanisms are not well understood. The

presence of waves on the liquid-vapour interface causes themechanisms more

complication. A breif review of film boiling correlations and analytical models

availab'e has been made by Analytis anft Yadigaroglu llJ• The conclusion is

that almost all the models cannot predict the nperimental findings of strong

dependence of the heat transfer coefficient on reflooding velocity , subcooling

and pressure observed and an appropriate two-fluid model or the IAFB seems

to be the only way of properly appro.ehing this problem.

In recent years , several two-fluid models simulated to the IAFB have

been postulated. the theoretical model by Elias and Chambre l3J only lolved

the entrance-region pr lJblem for the vapour film based on the energy conser

vation equation , tbe thi~kness of tbe vapour film , which is important for

IAFB heat transfer , left a~ adjustable parameter. In the annular vapour Ipac'~

• uniform(constants) velocity profile is assumed. An empirical correlation for

the film thickness II extracted from e窒perimental data , Fung and GIOe l1P,

nidI" used an ooe-dimensional integral technique by coosideriog a devdop

ment of the thermal boundary layers both in the liquid core and in tbe vapour

film. The liquid core is assumed to be in turbulent flow and tbe velocity

profile of the core is assumed uniform. Tbe model predicts corree

Tb. IUDject il IP。四IOted by National Education Committee.
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Analytis and Yadigaroglulll also developed a two-fluid model which is an

improved version of the earlier two-fluid model of Chan and Yadigaroglu. A

frame of reference moving with the quenching front is used. A set of six

differential conservation equations solved numerically. The model predicts

correctly the dependence of the heat transfer coefficient on liquid subcooling

and flow rate. For some cases , heat transfer is still under-predicted. All the

aforementioned models are essentially one diminsioaal. In practice , it seems to

be a thermal entrance region problem in the downstream from the quenching

front , i.e. in post-CHF region. The two dimensional effects may be impor

tant in some cases. The present paper is dealing with a two-dimensional , two

-regio圃. two-fluid analytical model of lAFB.

2. Physical Model

2. 1 Visual Experiments

Systematic visual observations of ]AFB carried out at author's university

have indicated the eHects of subcooling , heat flux and mass flow rate on the

vapour film behavior r.). Three typical photographs of IAFB shown in Fig..

Were taken at the inlet subcoolings G·C , 14'C and 31·C , respectively. A con

stant thickness film is occurred starting from the DNB point following by a

wavy developing and film thickening vapour blanket taking place at some

downstream section shown in Fi~. l. C. ]n Fig.l. b the constant thickness range

:5 much shorter and in Fig. l. a there is on obvious constant thickness range.

Two distinct regions of ]AFB existed also have been indicated by Elias and

Chamber!ll. The first region occurs immediately above the quenching front and

is characterized by a smooth \'apour film of constant thickness separating the

bulk liquid phase from the hot wall. In the second region taking place further

downstream ,a wavy and unstable vapour-liquid interface is ohserved. The cons

tant film thickness means the vapour is entirely generated in the entrance section

or DNB section and the corresponding interface temperature is slightly subcooled

locally. The unstable vapour liquid interface and thickening blanket imply that

the evaporation is generated up beyond some transition section which can be

regarded as the saturation temperature of the liquid has ueen reached. Whether

the first I'egion occurs is dependent on the inlet subl;oollng , heat flux input

and flow rate. Generally , {or low subcooling lind near saturat f'l d conditions

only second region b developed.

2.2 SchemaUc Model

A schematic representation of two-regions modd of the IAFB is formu

lat p. d in Fig.2.
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Actually. the film thickness is slightly increased with vapour heated up.

The thickness variation. however. is minor. But for the second region beyond

the interfacial saturation section the thickness is rapidly increased with vaou

rization from liquid-vapour interface. A part of the heat input will be used

to beat up vapour and part for reducing subcooling if the first region ιccurs.

Part of the heat will be used for heating the vapour and part for vaporiza

tion of liquid core. So the present two-regions model is rather emphasized on

tbermohydrodynamics unlike a pure geometrical representation. But the inter

face of liquid-vapour is assumed smooth and the film width is variable. The

follOwing assumptions arc made in order to obtain simplified form of the

conservation equations.

(I) For the vapour-liquid interface. evaporation only occurs in second

region and the phase change is negligible in first region.

(2) A vapour film is completely separated from the liquid core and no

entrainment in each otber is considered.

(3) The annular film and the liquid column are both considered axial

symmetry.

(4) Neglect of prersare difference at the two sides of the interface due

to the presence of a vapour thrust force. The pressures applied on both

phases are equal.

(5) The vapour film and the liquid column are both in turbule l1t.

(6) No radiation heaUng fot tbe vapour film.

(7) The flow is steady.

3. Analytical Model

As mentioned above. the vapour blanket is expanding as the flow advan

ees and heat input whatever in first or second regioD. A reducing liquid

column togather with a expanding vapour blanket wbich causes the velocity

profile changeable both in vapour fih.l and in liquid core , bence , which will

affect temperature profile. It seems to be a thermal entrance regioD problem.

A two dimensional effect may be significant. A two-dimensional , two-region

aad two-fluid analytical model have to be studied.

3. t. C锢..rnilOll £quailoa'

In a frame o{ two-dimeo.ion. two-region , two-fluid model. the mass.

momentum and energy conservation equations for the liquid column and vapour

blanket will he

. .. ·

1 iJ
; z(pV.) +τ- a, (p,J',)-O (I)



av. I _IT av. _ dp __ I 1 a '-- av
ρVqFL+ρ v. 丁7=一百一ρg+ 7-万(μ7万~)

。T .•• aT. 1 a I __ aT
ρc，(V77+Var 〉=737(K737 〉

(2)

(3)

In the derivation of these equations the viscous dissipation and several

comparative smaller terms are neglected. A. phase change equation is

去f:'ρ川

去j:，川时

(4)

(5)

Where subscripts v for vapour. I for liquid. Integrating of equation (4)
and (5) then added

jRE R
p,v .211,d,+J 品21l，dT-W=total mass flow rate

o "R ,
3.2 B刷皿也rye幅dltlOlll

The boundary conditions in wall surface will be

v.!...=o
yι.=0 (6)

aT
(Kj了) ......4.-q.

Here 4. for radiation heat flux component , q.1 for total heat flux.

In the interface

v..I....-V..I....

av. • , I av
(II万!.....).I.. ，. =(μ Var =- ).1叫 E

1.1.." =T.
。咂 R. r. _.aT • . I •• aT .. R 1

"立广l(K万).I.. ， .-(K万〉ι..+4. R.J

(7)

In the lJ.terface of liquid side , the heat transferred into liquid is used

exclusively to reduce the lubcooling In the first region

aT • , , .~aT • I R
(K亏了)，\.".-(K"a， )外， 1+qakJ (的

For second region by the assumption the interface iI in saturation

T4- ...-T. (8a)
In the centre of liquid column , (r-o)

V .1,. ,-0
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aV.1 _
a, 1'-0

(9)

3. :1 JalUal C晒dltl帽'

Provided the initial v 且lues of the variables are known at DNB section and

some relationships are specified. the cODservation equations caD be solved by

finite differential met hod.

3. 3. I • temperature .lId maS. flow r.te

Following Elias the initial temperature profile will be

T.(,.O)=T. (1 0)
The initial flow rates o( upour film and liquid column. respectively

"r QETv
··=H,-H,

WJ ,=W-W y ,
where Qu. is part of heal (or generating saturated

011 is the total heat input to hot patch , then

QH-QHy
HE.zHe+-viz-

(II)

steam at bot patch. I(

( 12)

T巾 ， O)=T" =/(H,,)
3•3. 2. Velocity prollle

Ulually. tbe (Jow II lully-developed before tbe DNB leelion. The initial

teloωt1 profile o( liquid columD il allumed uniform (constaat)

V.I{呐=民俨孚如 (13)
PI,111f iR.. 18.li.1 radiul of liquid colulllo. ]n ge.eral. ioiUal vapour film is ia lamiaar.

Au..plioo of parabolic profile will be adopt r.d

V ,y{,,0)-A 2{R- ,)'+A.{R-,) ( 川〉

Where A.- 2V，I ， ρ，δ， (3R-2~，)-8W.，
Zρ.~:<2R-~，)

AI-{V向-AI~:>/~'

lollial film tlUckaesl ~， is R-R,. which il calculated by phase chaole equa

tin. The dependence of wall temperature on 60 iln't Ilgniflcant. Thil wi II
be Ihowon 10 tbe followinl I.ction.

3. 3. 3 1..1111 …. 'ncll.. of ...pour

Th. .quJUb,Jum Iteam quality X.. and actalll quality X., wiJl be

X.， -{H，+争-H，)/H ，. (15)
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X..-W../W
And the quality variables will be

X.(z)=X.. +注主r. (16)

X.(z)=X..+步!;r，(Z)dz

for uniform heating. Actual void fraction a(z)

D:

a(%)-I-盖了

3.4 Constitutive Equations

In order to obtain a complete set of equations , the constitutive equations

for viscosity and conductivity have to be specified.

μ=μL+e"， ·ρ

k=kL+e.-ρC"

Where ilL and kL for laminar viscosity and laminar conductivity e", and e. for

momentum eddy diffusivity and energy eddy diffusivity , respectively_The

former two are dependent on local temperature and pressure conditions. The

latter two depend on local hydrodynamics and locatioas. Using Prandti mixing

length hypothesis , the eddy diffu5ivity for momentum transfer is given by

e嗣=cl(y .mu- V.m ,.)
here I is mixing zone width and c is a proportionality constant. Followiag Fung's

assumption川， the mixing zooe width is defined to be half of the turbulent

a(z)
vapour Him thickness •••'--. In addition , the velocity difference is assumed

2 • -- ---.----,

(17)

(1 8)

to be proportional to tbe average liquid velocity V.I. Hence

tml-C.(古的V.. (19)

For vapour film , the mixing length is assumec' to be pr叩ortioDal to a dis

tance between location land wall surface.

tmv-c.(R-r)V.. (20)

For the eddy diffusivity of heat ,the turdulent Prandtl number Pr, is suggelted by

P",-e./c.
By assuming that Reynolds' analogy is valid ,Pr,I-I. For vapour film a Webb's

modified correlationl 川 is used

Pr.v- l叫川川exp[-(牛)J]
w 1+135R俨·'exp[-(与王) i]

、
.
，
，

1
。
F
"

，
.
飞

For simplicity , c. is 0, 08 taken from Fung analysis. Based on Stewar t's

data"J Pr,. will be located between 0.55-0，饵， bence 0.8 II llted for analylls.
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(22)

The adjusting factor c" is approximate to 0.17. Hence the constitutive corre

lations will be

μ1=μL ， +0.04δ'VolρI

tl""' 1cLI+0.04δ ·v.. ρIe ，.

μ.=μL.+o.017(R-r)V..· P.

1c.=1cL .+O. 0283(R-r)V..' P.· CP•

3.5. Heat flux correlations

A realistic modeling of the different heat transfer mechanisms is of para

mount importance for the development of a mechanistic model of IAFB. In

state of the art , these mechanisms are not well-understood. This is an open

research area. Following previous analysis and by assumption of 6 , the wall

radiation heat flux is evaluated by assuming radiation exchange between the

tube wall and the liquid core , with an absorbing medium in between.

q.- σ.. [(T..+273.15)·-(Tι.1 +273.15)·]
(23). +(τ二. -I)

e.....I l-a 叫

Where <7..: Stefan-Boltzman Constant , e emissivity.

The existence of random disturbances on the liquid-vapour interface may

result in intermittent toaching of the liquid with the wall surface _In Edelman

observations!" , the wall of entrance region rewetled is significant , The rewet

probability may be high to 800/0 following an exponential decay downstream

of the DNB , which may depend on subcooling.

Hence a modified term considering rewet is added to correlation (22).

lc....kL.+e.ρ，C，，+CI [exp(cz (T .-TII. ~'I )-1]' k...
With Stewart data Cl =cz=O.05 will be used.

For subcooled liquid , the IAFB regime will terminate at a certain distance.

The breakdown mechanism is still not available. There are several option

presented in papers. Groeneveld took void fraction of 30% as breakdown

criterion. Analytis and Yadigaroglu assume the breakdown due to the develop

mint of large-amplitude inlerfacial Waves and based on a critical Weber

number. The critical Weber number is also unknown exactly now. An assum

ption of tbe centre of liquid core reaching at saturation temperature is adop

ted , at which bulk boiling of liquid column will be taken place and will

break up it. We stipulate that all vapour properties are to be evaluated at the

local film temperature T.(z)

4. Wall Temperature Predictions and Comparison.

To assess the predictive capabilities and JimltaU"n of the model , we
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choose a n umber of cases from Stewart data!川. which cover a range of pressu

re (2.3.4 MP吟. mass velocity [210-295kg/(m' ·s)] heat flux input (120

250kW1m I) and in let subcooling (12-46·C). The wall temperature::predictions

are well agreed with data in most cases. Detailed comparisons can be found in

Chen's thesis. For 168 data. the average absolute deviation is about 13·C.

the relative one about 2.2Hb. In Fig 3 some typical results are shown. The

solid curves are for wall temperature predictions. the discreted points for

Stewar t's data. Fig.4 is for radial velocity profile and temperature profile at

0.4 m section from DNB poin t. Both profiles in vapour blanket vary drastical

ly due to less viscosity and less conductivity , respectively.

A dependence of heat flux and subcooling on vapour film thickness is

shown in Fig.5. In first region the thickness is nearly constant or increased

graduately. For second region the thickness increases rapidly due to evapora

lion which agrees with visual observations.

Tbe tbeoretic.al model does not take into consideration the inception of

DNB. 1t is not certain how this would affect the radial temperature profile

of the liquid core. The effects of various initial film thickness assumed are

shown in Fig. 6, only an initial disturbance exist and decays rapidly. Beyond

3cm axial distance no obvious difference is observed for thickness , the same

results for watt temperature. Hence the effect of initial condition on wall

temperature may be a local phenomenon and appear within a rather short

range downstream from DNB point.

Tbe authors also evaluate the two dimension effect for an arbitrary case.

The comparison tells us less effect for first region (absolute deviation less

about I.S·C. relative one 0.25%) , and that the effect in second region is a

bit larger (absolute deviation: 6·e , relative: 0.8%). The wall temperature is

a bit bigher if the radial velocity component is omitted. As regarding the

se,"eral adjusting factors , the authors believe no serious error will be induced

if the radial velocity component is negligible. Thus an advantage of reducing

computation expenses will be achieved.

5. Conclusion

I. A two-dimensional , two-regions and two-fluid model was developed

to predict the surface temperature of a tube during IAFB. The dependences

of watt temperature on various parameters are evaluated. The predictions

compared welt with Steward's data.

2. To accoun t Cor the effect of two-dimension an evaluation oC one-dimen

.ion was peformed. The less effect Cor Cirst region , and a bit higher for
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second region were shown. Neglecting the hvo-di lDensional effect tends to

conserv'\tion Cor wall temperature predir. tions.

3. The initial condition may influence the wall temperature within a

short range down3lream from DNB point. No influence was shown for film

thickness predictions beyond this short range.

a b c

Figure I. Typical film patterns as inlet subcoolings

a. 6'C b. 14'C c. 31'C

-
Rlc~ ， -

V.por
- f.

' ι.quld

·加-

R

e

Filure 2, Schematic 111'0

regions model
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一、引 言·

水冷反应堆失水事故 (LOCA) 的再淹没阶段常常会形成逆环扶拖膜态沸腾 (IAFB)

传热工况，因而清晰了解它的传热机理对确定事故下元件包亮最大表面温度至关重要.不仅

如此.在其官工程领捕和地球物理方面，逆环状流膜态沸腾也获得了广泛应用.例如=火箭

发动机冷却，金属摔冷和热管内制冷液体流动等等.

IAFB工况下的指动和传热现象相当复杂.热量首先由加热面传给汽膜而后经蒸汽传递给

漉志.同时，在高温下炽热加热面经辐射换热直接加热浪芯.如果初始段液，4处于过冷状态，

则班芯接受的热量主要用于赢少过玲度，与此同时蒸汽膜温度升高.如果液芯处于饱和状

态，副总加热热流中除少量用于升高汽腕蒸汽温度外，主要部分使液芯汽化.这种情况下，

同时伴随汽膜迅速增厚.无论是液芯处于过玲状态或饱和状态，上追传热过程机理至今了解

不多.不仅如此，实际上汽膜和液芯之间的交界面呈被状，被动交界面使传热过程更为复杂.

An.lytis和Yadig.rogla曾讨论了已发表的一些(少量)分析院型，他们认为实验表明 IAFB

下传热系数与再淹没速度 • i夜体过冷度和系统压力之间存在着强的相依关系，而几乎所有模

型无语预示，必须发展一个合适的两流体模型.

近年来，已经发表了几个模ftlAFB的两流体模型. Elias 和 Chambrelll的模型假在蒸

汽膜厚度为定值，汽膜内速度分布不变且为定值，建立IAFB的初始段能量守恒方程.令i气腹厚

度作为缸合加热面温度测量值的可调整参数，获得建立在实验基础上的膜厚经验式.FME和

GroeDeve IdlJ1将热边界层概念同时应用于蒸汽酶和液芯，假定檀志为章施，其速度分布不

变，用一维识分方法求解守恒方F组，模型合理地预示了流量、入口过冷度对壁温的影响，

以及预示了堕温沿抽向的变化• Aoalytis和Yadig.rOllul川的改进两梳体模型，将方程坐标

建立在淳玲面{即将DNB戳面作为运动坐栋) .采用Ii值方i去解6个守恒微分方程(式)组，

模型可以准确地预示传热系敷对液体过冷度和流量的相依性.但是，在某些工况下模型估计

值偏小.上连所布分析模型都是一罐的，实际上临界热流密度后的道环状斑膜态沸腾发生在

摔冷前梧的下游区，急剧的相变过程使IAFB呈一种热入口区问题.可以推翻在某些工况下流

动两维坡应显著，本文提出J种二维.二区，二流体敷学解析模型，进一研究IAFBrn传热过

过程.

二、物理，模型

2.1 可'化虞瞌

作者曾经进行了 IAFB的可视化系统研究 141 ，观察了清体过冷度，加热热流率和质目流

率对汽膜精伍的影响，因 1 (见 10页)系三种典型结果. a.b.c~张照片上的液体入口过冷度

分别为8.14和31"C. 因IC表示，自 DNB截面处开始形成一等厚汽院并向下璐发展，随后罩 J

逐渐增厚的汽膜和汽·穰被动界面，回 Ib (见 10页)非膜厚区比回归姐，回 la几乎不得在等

膜厚区. Ella!'和Chambre 按瞬态实验提出非在二个不同 ~L何构形的IAFB区，毗邻停冷前沿

事II.得到圃.-委科学基金资助.
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下游J.J Z在一·L5.. J~特征him!!.'飞副秘Ii伐，巳、之 ftilh-交界面光滑的r-(膜隔开。随后为第二区，其

主!I~lfli .\~ ~总屯议状。他们认为呼院以的知一区意味着蒸汽完全自入口处形成.即在DN8截

丽区t·; .'1'.. 二;二 :[11 、 ';1们fuH.Q尚处于柏过i令状态.而膜Pi:渐捕的不稳定被状f\-液交界|面区表示

臼下游某. ~i[i ji ;", ~~ ， ~:l r·始f(化，民 A在11:1 二区间的过霞条件可以认为 i夜相迄到当场饱和温

度.根据 H(f]:(j "i(~比叮垃照片可以推断，第一区是吾发生与入口过拎度，加热热 nt率和原

量流字有天"战 j也 t~~ J i飞低过i令度和i饱和入口工况下，仅在生第二区。

2.2 筒饨'理模型

因2 (见10页}系根据可视也实验结果提出的一种简化IAF8双区模型.事实上，第一区

内蒸汽受热n膜应袖在增加(当然与系统压力有关)0 但是.一旦交界面蝇度超过当场饱和

温度便会过渡到第二区.在第二区内，因界面液体r(fιr-\眼便迅速呐!豆，在第一区内，总，加

热热诚中的小部分用于使t气膜升温，而大部分用于赋小液芯过冷度.在第二区内则部分热流

用于j夜芯tl.化，部分用于英汽升温.因而作者的双区模型强调热流体动力特性，而不仅是一

种几何构形简化.模型仍然假定汽液交界面光滑，但认为脏厚是可以变化的，为了寻出简化

的微分守挝方程氢1.采用下连假定.

(。在第一区内忽略液体托化.1'\化仅发生在那二区内.

(2) 藻汽环脏立全将加热面与i夜志隔开• i使芯内无fU包，汽腹内无液滴夹带.

(3) 铀对称环状汽~~!和j良ZL;.

(4) 两1U压力布n字，忽略因交界面fHι推力对两侧压力的影响.

(5) 素w:英rc~~!和紊武汉;已流动.

(6) 汽脱不接受辐射加热.

(7) 起常活t:沟。

三、数学模型

前i丽 Cf:Hl1 ll\{f. IAFB区内，随精i成功 rilJ -;:游推进和l热最输入，蒸1<耳曼逐渐地原.渐峭的

nij~H!l i街 nil (('J ifi;已导孜 t\脱退度分布形状和浪 i巳速度分布 1巳状有断变优，速度变化影响到两

制的战度分布不赔交化，形成…·种热人门阮 fiil 贼。维效应显苦，布必费讨论#电影响.现将

工到I:. 二[.{.二.~;~体敖「户料:型古 ii.i主 r 1'" 0

3.1 q恒穷瞿噩

白:纬..二I ， . 工说d，尔 t现在下. f\悦和沽，已 H·j 院以. :~J M. i'it 吐 ':Hi}j 积分别址

I aaz (pV.) +τ- i~- (p,V.)=o

;IV. . _"r i1V. 月 p __. I i1 I.. ;IV
py， 77L+ρVa h z-E---PE+-year-(,,rav' >

aT ..r aT , 1 a. or aT
FBC,(YVr-+Vaar)E F37(K737)

(I: 怜 III L边/j f't:;尘凹III 坦国Zf粘ttf.ti民 f~1比较小I'(.J刷，此外. t! I 'f.巨 Jj 机J.J
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..I rll.
d~ J ρ.Y.如叫~-~ (~

-0

.... rll
云二-I ρ.Y.2ffTt!，=r. (5)
-- .. II.

这里7标，描摹汽相. I指液相.将方程 (4) 和 (5) 相加后有朝分式

1·旷.22ITt!，+f:Jρ， ".2.M, -W=总质噎流率

1.2 埠._..
壁画处边界条件为

V铲ir.. 匾。

V.i,...:sO

aT
(K a; )...=q.-q.

式巾 4. 一一辐射热流分量 E

q.-一总加热热流.

汽-液吏界面处的交界条件为

V..!.... =v ..1,...
dY. • . I iY 一

"7FLL!，.，，，ωaT三)1/'...

T.I....-T.

(6)

(7)

.. 2.R. r. _.aT . . • __iT 百
r,- H:~' L(Ka; ).I'·'I-(K;;; )川.+qa瓦 l

在第-区内交界面的液侧传递的热量全部用于减小i夜志过冷度，凶而

iJT _ . . __ iJT • . R
(K-a; )II.~..=-(K ;1; )斗， 2'E+qaH「 {8 ，

但是，在第二区内假定了交界面处于饱和状态，于是

TII._..=T.

在浓芯轴线址，因对称而有边界条件

V.I.莹，-。

iJV.1 _
ii, 1".0- v

iJT !
a;-归。圈。

(8描)

(9)

1.1 .撞"事

如果在DMB处的初始梳动费It值巳知，或者f肯定计算式，那么便可用有限是分")j峙 III 但

• 1S •



求解守恒方程组-

3.1.1 温血和...事

按照Elias的假定，初始温度分布为

T .(T ,o)=T.
;镇汽院和液志的初!tfi i:i[率为

W~. = __QH~-
"-1ζ=H ，

WI ,, =W-W.,
式中。HY为热块处用于产生蒸汽的部分热茧，如果然块总加热量为。H，剧有

。II-QII.
H.，-H，+←·WI，一

( 10)

(11)

(12)

于是液相的初始温度应为

T( ,. .0)=T., ==f(H,,)
3.1.2 擅自费'

通常，囊生DNB之前流动处于旺盛状态，假定液芯的韧始速度分布为均句劳布.即

V.I(叫 =V'I'=~旦Ds,'Z.D ,n. (13)

(14)

R，是初始攘芯半~o 一般m始f{i民处丁:J~~ i!:~流动，假定为抛物型分布，即

V :.(r.的 =A 2 (R-r): +A. (R-r)

2V .I.P.",,( 3R- 2d.)- 6W ••
式中

P.δ:(2R-δ.)

A.-(V.I.-A2~nN.

δ.为切始汽酶厚度，其值为~，=R-R，. 可以用相变方程计算.6，取值对堕温的影响不大，后

面将进→步论证.

3.1.3 翻蛐事汽食肉'

切始平衡含fi 和x.. .fI ln~.:含fOiX..分别为

X..-(H，+鲁 -Hr)/Hr (IS)

X. ,=W..IW
拇童含问率是-空白，闪而均匀加热条件Hi

x.(Z)=Xe·+JF声:二

x .(z)-X.，+步!.r，(Z)dz

于是真实空j也 +;a (均为

D %

a(Z)-I-和

1.4 事.1f.~

为构凰完全方瞿姐，必绸确在粘度和热导率本构方植式，令

.I' .

(18)

(17)

(18)



(21 )

p-，他+r.·ρ

t-tL+'"ρC，

式内胁和h系指层在拍度和层赢热导率.r.和"系指动量涡团扩散率和能量揭团矿散事.IJL和

h也与当场温度和压力条件有关o '.和'.与当场施体动力扶态和位置有关.若认为曹阁将揭合

挺厦原理适用，副动量传递的揭团扩散率为

e...d(V....-V.....)

这里t矗撇嚣合长度o C是比例带放.按照FaDe的僵定III将混合长度定义为章就革tt睡厚度之

卒'(，ν2. 此外.括号内的速度盏II定与平均液相速度成比例，即液徊S匾，为

，..-CI(+~)'.. (19)

YZI是檀芯平均矗度.对于汽酶，但定嚣合长度比例子计算点与壁面之间的距离

e..-c.(R-T)V.. (20)

对于跟捐团扩散事.11定用下式计算章梳普朗精数PTIo

P".-../e .,.

如果认为R町Dold相似适用，则PT，-I. 于是汽酶可采用Webb的修正关系式ESB.

h 1+时川·， PT.-O川pr-( Rit )t
't~- ‘

I+l35Re.-1.1..叫[-(空手叫

为了简化计算，采用FUDI的分析，取c.为0.08.按照Ste....rt的实验It掘阳，P'I.在0.55-0.65

之间.本分析采用。.6. 调整参数c为0.17. 于是各本构关罩式近似为

μ.-PL1+0.04 d •V.币，

k,-kLl +O.04 ~ ·V.册IC~I

μ.-μL.+O.OI7(R-，)V...p. (22)
比.-JcL.+O.0283(R- ， )V..·ρ ， .C，~

I.…露'篝'式
-个良好的IA. FB机理模型应当真实地模拟所涉及的备和传熟机理，按目前研究状况，人

们对掺属的传擦过程前了解不多，尚属一德开衷的领蠕.按照前遮讨论并结合假定 6可以使用

下连荣景式计算管壁与液芯之间的辐射换热 qa

qs·-71旦-7一一[(T .+273.15)1- (T.!，~ _. +273.15)1) (23)

主==+{亏:--1)
'.，.I'I-a 町

这里• 0 ..为斯蒂芬-破耳兹曼帘ao ，为辐射率.

实际上，汽-液交界面圄机扰功会使液芯与加热表面.坐同回佳撞触，即随机地嗣温加热

表面.Ed.lm.am的实黯表明，在临界后IAFB 的韧蛐段内褒面再嗣量明显可见，官与液体入

口过冷度有关，再理概率可商迫切'岛，并自DNB融面向τ游按捕It楝寰黯.因此，关赢(22)

应修正为

t.-tL.+"ρ，C，，+C. [.sp(C I{T,-TII,._. )-I]·th

对于入口为过冷状串的IAto'S工况olAFB将在DNB椒面下酶-寇距离处过幢为筑'状流或

寡融槐.但IAFB区终止E血液芯僻型的机理很不捕趣，文献中有几种假定.Groenevn Id 认为，

• f "!t"
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当空泡等(a>30份后自 IAFB过最为块状流; Analyt怡和Yadicaroglu假定大幅度交界面说'是

导段液，E;碎裂的原因，使用临界韦伯数估计，但是临界韦伯数值至今无准确数据.本文采用液

志中心轴处达到当场饱和温度，从而引起液体整体沸腾导玫液柱碎裂作为过在准则.在所有计

'草中按当场汽脱温度Ty(z) 计算全部蒸汽物性。

四、壁i晶估计和比较

作者选择Stewart 的实验数据['I校验模型，所选择的数据范因为压7J ， 2.3.4M·P.a;质量

流速; 210"-295kg/(m%.s) ;加热热流卒{: J 20 ,,-250kW1m %I 入口过冷度; J ~?，46·C. 极大

多数工况下，壁温估计值与实验结果相当一致，详细比较可参阅文献川。 168个壁温数据平均

绝对偏差约 13·C. 相对偏差:约 2.27铃，图 3 (见 11 页)系一些典型结果.四上实线是壁温计算

值，虚线为Stewart数据拟台曲线.困4 (见 10页)为截面下游O.4m断面处的侄向速度分布和

温度分布。因燕汽粘性小，热导率小，故两种分布在汽脱区变化剧烈。

过J令度和热ini率对汽盹厚度的影响示于四5( 见 12页).第→[还汽膜厚度几乎不变或略有增

大 z 第二区内，因液芯汽ft脏迅速增晖，计算预示趋势与可视化观察一致。

在本模型分析中、没有包括DNB起始点计算研究，目前也并不清楚DNB点参数如何影响径

向温度分布形状.作者就不同的初始汽胆厚度选择来讨论其影响，其结果示于图6 (见 11 页)。

计算表明不同的初始汽脱再度取值仅呈现←·种初始扰动效应，且很快衰戚.超过DNB下游

3cm 处后院厚几乎不受不同初始值的影响，壁温变化也几乎不受影响。由此可以推论:初始

条件对壁温的影响呈一种当场现象，仅在DNB下游范国内略有影响.

作者任边一个工况讨论了 IAFB的流动二维效应。比较结果表明 z 在第一区内，二维效应

极小，壁温绝对偏~:~1.5·C. 相对偏差为O.25qb; 在第二区内影响大些，绝对偏差为s"C ，

相对偏差为0.8惕。如果不考虑佳向速度分布影响，员II壁温计算值稍高.注意到模型申尚不得

不含有几个调整经验常数. [ilil 可以推论 g 忽略任向速度分量不会引包严重误差，反而可以太

大减少计算时间和节约费用。

五、结论

I. 发脱(个二维.二区、二流体数学解析模型预测管内流动下逆环状流膜态沸腾传热

的且只而i温度。分析了各种参数对壁温变化的影响.计算结果与Stewart的实验数据相当一致。

2. 为 f 估计二维效应，进行了 a维对 ~r，计算.在第一区内，二维效应尾小，第二区稍

大。对于阶温计算，不考虑二维效应计算值偏大，趋于保守。

3. 初始条仲仅对DNB截而i 下游毗邻!足有影响，超过此以的盹悍计算值和纱，温计算的，都不

受影响。

• ~立醺

(见 12贸)
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