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Introduction velocity fluctuations. In the wall-jet region the effect was slight.

The addition of mist to a flow of steam or gas offers enhanc%d_'e Nusselt number was found to increase by a factor of 2.7 for

cooling for many applications, including cooling of gas turbine ass flow ratiogsolid/gas of 0.8.

. - Guo et al[2] studied the mist/steam flow and heat transfer in a
blades[1-3]. The mechanisms of heat transfer enhancement '8, ight tube under highly superheated wall temperatures. It was

clude effects of mist momentum on the gas phase and effectsigig that the heat transfer performance of steam could be sig-
evaporation of the droplets, both directly and via the gas. Ificantly improved by adding mist into the main flow. An average
creased specific heat and lower bulk temperature are also typigghancement of 100 percent with the highest local heat transfer
features of a mist flow. In a mist/steam jet impingement flow, thehhancement of 200 percent was achieved with less than 5 percent
interaction of the droplets ar_\d th_e target wall _becomes pronognngjst_ In an experimental study with a horizontal 180 deg tube
because of the relatively high impact velocity and well definegend Guo et al[3] found both the outer wall and the inner wall of
because the velocity is relatively predictable. the test section exhibited a significant and similar heat transfer

While single-phase jet impingement cooling has been studigdhancement. The overall cooling enhancement of the mist/steam
extensively, few studies have been found on mist jet impingemefibw increased as the main steam flow increased, but decreased as
Goodyer and Waterstol] considered mist/air impingement forthe wall heat flux increased.
turbine blade cooling at surface temperatures above 600°C. Theylo explore the mechanism of mist heat transfer, interaction of
suggested that the heat transfer was dominated by partial con@eiplets with the wall has been studied extensively. Wachters
between the droplets and the target surface, during which téeal.[7] considered the impact of droplets about &® impact-
droplets vaporized at least partially. A vapor cushion and the eldsg a heated surface in the range of 5 m/s. Impinging droplets
tic deformation of the droplets were responsible for rejecting theould only maintain the spheroidal state with relatively high sur-
droplets. Addition of 6 percent water was found to improve thface temperatures. The required temperature depended on thermal
stagnation point heat transfer by 100 percent, diminishing awgyoperties and roughness of the surface as well as the Weber num-
from the stagnation point. Droplet size was found to have littleer of the droplets. In the spheroidal state very low rates of heat
effect for 30um<d3,<200um. flow were observed.

Takagi and Ogasawafd] studied mist/air heat and mass trans- To obtain fundamental information concerning the heat transfer
fer in a vertical rectangular tube heated on one side. They iderpiocesses in spray cooling, Peder§8hstudied the dynamic be-
fied wet-type heat transfer at relatively low temperatures and pobavior and heat transfer characteristics of individual water drop-
dryout type at higher temperatures. In the wet region the hdats impinging upon a heated surface. The droplet diameters
transfer coefficient increased with increased heat flux. In the pogénged from 200 to 40@m, and the approach velocities ranged
dryout region the heat transfer coefficient increased with droplEem 2 to 8 m/s. The wall temperature ranged from saturation
concentration and flow velocity and with decreased droplet siZz@mperature to 1000°C. Photographs of the impingement process
Mastanaiah and Gan[&] confirmed that the heat transfer coeffi-showed that even the small droplets studied broke up upon im-
cient decreased with increased wall tempera’[ure. pingement at moderate approach velocities. The heat transfer data

Yoshida et al[6] focused on the effect on turbulent structuréhowed that approach velocity was the dominant variable affect-
with a suspension of 5@m glass beads. In the impinging jetiNd droplet heat transfer and that surface temperature had little
region, the gas velocity was found to decrease due to the rebo®igct on heat transfer in the non-wetting regime. The droplet

of beads, accompanied by an increase in the normal directidgformation and break-up behavior for droplets 200 in diam-
eter did not appear significantly different from that for larger drop-

Contributed by the Heat Transfer Division for publication in tf@JBNAL OF lets. He also found that, for any given parameters in the non-

HEAT TRANSFER Manuscript received by the Heat Transfer Division June 7, ZOO(Wetting regime, a minim_um Veloc!ty could exist below which the
revision received April 23, 2001. Associate Editor: V. P. Carey. droplets deformed consistently without break-up.
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Fig. 1 Schematic diagram of test section

Chandra and Avedisidi®,10] presented photographs of heptanéeat flux of Joulean heating in the wall divided by the wall to
droplets impacting a heated surface. The relatively la&rgemm)  saturation temperature difference, the heat transfer coefficient of
droplets at We=43 showed sensitivity to the surface temperatur¢he second panel is produced. Panel three shows the enhancement,
At low temperature the droplets spread and evaporated whiledsfined as the ratio of heat transfer coefficients with and without
higher temperature nucleate boiling was evident. Above thmist at the same Reynolds number. The cooling effect is signifi-
Leidenfrost temperature the droplets rebounded without any evi-
dence of wetting.

Buyevich and Mankevic11,12 modeled the impacted par- 250 500
ticles as liquid discs separated by a vapor layer whose thicknes: @ Steam Only @ Steam Only
that of the wall roughness. The liquid mass flux was assum O Mist/Steam 4o(bo O Mist/Steam
small enough to prevent formation of a liquid film on the heate 8
surface. Based on the energy conservation of the droplet as wel _ 2%
the flow and heat conduction of the vapor interlayer between t\3 8 g
droplet and wall, a critical impact veIOC|ty was identified to deterj e
mine whether a droplet rebounds or is captured. Depending 15 'O
their approach velocity, the impinging droplets are either reflectt ®eg
almost elastically or captured by the heated surface and co o 1o © o o
pletely vaporized within a sufficiently short time. They applied th: Tsat= 105°C Toa= 105 C
model to dilute mist impingement with reported agreement wit 10—~ 1o » s 4 % 5 10 1
experiment. x/b x/b

Fujimoto and Hatt413] studied deformation and rebound of a (@) Wall Temperature (b) Heat Transfer Coefficient
water droplet on a high-temperature wall. For Weber numbers 4
10 to 60, they computed the distortions of the droplet as it fla
tened, contracted, and rebounded. They used a simple heat tr:
fer model to confirm that surface tension dominates vapor prodt 3 q'=7.54kWm?
tion in the rebounding process. Hatta et[a4] gave correlations QO Ee,;i??oso/
of contact time and contact area of the droplet with Weber nur é; b
ber. £

Li et al. [15] presented an experimental study for 1.1 bar stea 0O
invested with water mist in a confined slot jet. Figure 1 is a sch: 1t O o o o
matic of the test article having a slot of width 7.5 mm located i
a flat injection plate. The jet impacted a target wall of length 25 Tsat= 105°C
mm spaced 22.5 mm from the injection plate. The flow sectic %% 4 & 8§ 1o B
had a width of 100 mm and Pyrex walls allowed vision of tht b
heated surface. The droplet velocity and size distribution was ¢ (C) Ratio of Heat Transfer Coefficient
tained by a phase Doppler particle analy@@bDPA). The experi-
mental results are typified by Fig. 2. In the first panel the depreBSig. 2 A typical heat transfer result of mist  /steam jet impinge-
sion of temperature caused by mist is shown. Using the measuneeht (g”=7.54 kw/m?, Re=14000, and m,/m¢=~1.5 percent )
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cant near the stagnation point and decreases to a negligible T
amount at 6 jet widths downstream. Up to 200 percent heat trans- y
fer enhancement at the stagnation point was achieved by injecting A
only ~1.5 percent by mass of mist. Direct observation through the Target g
Pyrex wall showed a dry heated surface in the experiment condi- Wall ; y
7
A
]

tions, though no observations were made capable of disclosing the Steam
behavior of individual droplets in brief contact. The purpose of . \

this communication is to model the processes of the experiment T T

and trends with heat flux, mist concentration, and vapor velocity, w ﬂ sat
based on Li et al[15]. o

Basic Assumptions and Model

In mist/steam jet impingement, the droplets will not only influ-
ence the flow and temperature fields of the steam but also may
interact directly with the target wall. In the experim¢hb], water ]
droplets, less than 1am diameter and at concentrations below 5 The commercial code, FLUEN[L7], a solver for the complete
percent, impacted a heated surface with wall superheat belbl@vier Stokes equations using finite volume schemes, has been
60°C at a velocity up to 12 m/s. To model the heat transfer of thed to predict the trajectory of droplets including the determina-
mist/steam impinging jet under these conditions, the foIIowingOn of the impact velocity onto the heated surface. Complete

assumptions and approximations are made in this study: etails are included in L{18] and only salient features are in-
cluded here. The domain of Fig. 1 supplied with appropriate

¢ The wall is sufficiently heated to prevent accumulation ofoundary conditions in the entrance and exit regions was subdi-

Fig. 3 Modeling of heat transfer from wall to droplet

liquid. . . . vided to yield grid-independent results. The turbulent flow was
* The interaction between droplets is ignored, since the averag@deled in several ways, with thes model found to yield sub-
spacing between droplets is large. stantial agreement with the heat transfer results in single-phase

Because the droplet is small, no breakup is considered.  steam flow. This computational model was combined with the
The droplet is at the saturation temperature before enterigpersed-phase option of the program wherein droplets seeded in

the thermal boundary layer. . the entrance region of the flow were tracked and allowed both to
* The droplet has a less important effect on the velocity boungffect the vapor flow and to evaporate in transit through the su-
ary layer than on the thermal boundary layer. perheated layer. The droplets in the flow react with the fluid ac-

Under these assumptions, the heat transfer of mist/steam §g{ding to drag on a sphere at the slip velocity between the droplet
impingement is divided into three different parts: heat transf@d the fluid, usually very near the low velocity Stokes Flow
from the target wall to the steam flow, heat transfer from the targ%?ymptOIe'

wall to droplets and heat transfer between the steam and dropletgjrect Contact Heat Transfer. According to Buyevich and
No radiative _hea_t transfer is considered since the wall temperatyignkevich[11] (B&M model), the droplet will depart from the
is not very high in the current study and it is estimated to be leggll if the impact velocity is below a critical velocity, and stick if
than 2 percent of the total heat transfer. above. The critical velocity given by the B&M model is only
Heat Transfer From the Target Wall to the Steam. Heat 2Pout 0.6 m/s fod=10um, A=0.5um andT,—Ts,~30°C.
transfer due to the steam is modeled as heat convection ofl A4S means that for the conditions of the current study most of the
single-phase steam flow. Because of the disturbance by dropf@tgplets will stick to the wall. According to the B&M model a
on the boundary layer, this portion is subject to modification gicKing droplet will stay on the wall until evaporated completely.
the heat transfer coefficient of steam-only jet impingement flow. most of the particles stick to the Wa_” and evaporate completely
detailed analysis of this effect must involve the effect of dropletd® enhancement of heat transfer will be much higher than ob-
on the flow field and the turbulence characteristics. The heat tral g_rved. Therefore the B&M model is found to be inadequate for
fer enhancement through the effect of droplets on the flow h4¥S Study. . .
been assumed to be of secondary importance. Experimental stud-?lg—nhe_ actual interaction between the droplets and wall is very
by Yoshida et al[6] found 170 percent enhancement by adding gg°MPlicated; it includes a continuous deformation of the droplet
percent by mass glass beads of diameter&® to the airflow. and is affected by droplet size and surface conditions. In this

Considering the effect of the particles includes boundary lay ],udy_, the heat transfe_r from wall to_droplet is.modeled simply by
disturbance as well as other cooling effects, the enhancemen ransient heat conduction to a spherical cap with a contact angle of

; : deg based on Gou[d 9] and Neumann et aJ20]. The corre-
the single-phase heat transfer due to droplets on the flow is pfo- =~ : X
jected to be less than 4 percent with a mist mass ratio of 2 percetoding height and base diameter of the cap are 0.464 and 1.608
times the original droplet diameter, respectively. Figure 3 shows
Heat Transfer From the Target Wall to Droplets. Although the basic model §=0.4641). The configuration of the flattened
many studies have been conducted on the interaction of the drdpeplet is assumed fixed until conditions for rebound are estab-
let with the bounding wall, few of these studies can be used lished.
model the heat transfer from the target wall to droplets in the Quasi-steady heat flow to a droplet has been considered by
present study because of the different ranges of droplet size andny authors including Sadhal and Marfi2l] and Sadhal and
flow parameters. Unlike spray cooling, where the droplet momeR{essef{22]. Under some conditions exact solutions may be ob-
tum is supplied by a device, small mist droplets may not be abletmined. In the current work there is a need to include the transient
hit the wall because of the drag force in the present study. Basgdrming of the droplet, as brief contact is anticipated. Since it is
on trajectory analysis, it is believed that larger droplets will hit thdifficult to obtain an analytical solution, this problem is solved
wall if the approach velocity is high enough. Though neglected imumerically by using FLUENT17], with a non-uniform grid(r,
trajectory analysis herein, the droplets are subject to the lifi of 50X 50. Assuming a small fraction of the droplet evaporates
“force” of Ganic and Rosenhow16] due to the momentum im- before rebounding, a fixed-geomet¢go allowance for the de-
balance of asymmetric evaporation. A droplet in a temperatucesase of mass in evaporatjanansient solution is sought with a
gradient near a heated wall is heated faster on the wall side. Turgform initial temperature o, the cap surface maintained at
difference in evaporation rate results in a lifting effect estimated f,;, and the basdwall) suddenly raised tol,,. Figure 4a)
be of minor consequence for the conditions of this study. shows the non-dimensional results for the total base heat@ow
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1.00 " " 1.00 " form in response to the superheat until it reaches a sufficient pres-
sure to repel the droplet. We reason that the pressure must over-
come surface deformatiqiexpressed through/d) and supply an

exit velocity (pressure expressed through V) proportional to

the entering velocity of impact. The temperature required to pro-
vide this pressure is that associated by the slope of the liquid-
vapor saturation curve, wherein the required pressure is translated
to a required superheat. Finally the superheat is linearly related to

1 the product of wall superheat and the residence time. Expressed
non-dimensionally, there results
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Fig. 4 Heat transfer process between droplet and wall by di- Here the constant, which depends on the geometry selected for
rect conduction  (Q is the heat conduction from the target wall the heat conduction model, is found by trial and error to be about

to the droplet ): (a) total wall heat; and (b) superheat of droplet. 4.8<10°2 to agree with the experiment. The effect of impact

velocity is not strong if the Weber number is small. This residence

time is actually an effective value because it simplifies the defor-
in terms ofat/d2. During contact the droplet is superheated in thenation process of the droplet on the wall. The residence time of a
amount given in Fig. é). The heat entering the base and not0 um droplet with a Weber number of 1 and a temperature dif-
residing in the droplet as superheat is conducted to the surface &ig¢nce of 30°C is 1.%s. This model is expected to fail at high
is evaporated. There is no reference to the heat of vaporizatioall temperature where the residence time goes to zero. In this
because this quantity is not converted to a mass flow. The surf@@se, however, it is believed that the droplet will still contact the
of the liquid maintained at the saturation temperature implies thagll for at least the lower bound established by the deformation
the evaporative heat flux is included in the computation. For Rocess.

temperature differencel(,—T.,) of 30°C, the heat conduction in Heat Transfer Between the Droplet and Steam. Heat trans-

t1|02n '“g‘f ec;/r%p?g?t:\fs CE)I%I:[((;?jnli[SOfsma’L&all dtL%plggsE;C‘"’t‘%Sne é?iérr?;_f r between the droplets and steam can be modeled by considering
T drop p . y P |Ioplets as a distributed heat sink. The droplets evaporate into the
domain size and shape yields a fast, yet reasonable result.

superheated steam inside the thermal boundary layer and act to
Residence Time on Target Surface. Once a droplet hits the quench the boundary layer. Based on the superposition concept

wall, whether it rebounds from the wall depends on the wall tenthe temperature of mist/steam flow is divided into two paifts,

perature and impact velocity. The heat conduction model abowel 1+ T,. Ti(X,y) is the temperature of steam-only flow and

cannot give the essential condition for rebounding. To complefe(y) is the temperature depression caused by the mist.

this model, the residence time of the droplet on the wall must beThe two-dimensional energy equation with a distributed heat

determined. It is conceivable that the droplets may wet the surfa®igk is given as

and stick on the heated wall until a vapor layer forms from nucle- JT JT 2T 2T

ation at the base. Upon formation of this layer the droplet would Col— + pCpv — =Ke—s + Ke—

return to its spheroidal shape and depart. A concept in pool boiling ™ ox PRay  eax® Say®

has a waiting time during which the region near the wall becomeg,q |55t term is a heat sink per unit volume to a distributed sur-

superheated to the point where nucleation becomes spontane at temperatureT,. The coefficient, 8, is equal to

Based on nucleation in a small cavity on the heated surface, Mi I 3105 . . . 2
. = : . 2Cmistsd10/ p1d30) "> andc gt is the mist concentratios3< is
and Rohsenow23] studied the waiting time and provided thethe hA of the droplets per unit volume withd/k.=2 and

following simple estimate: ; . .
g P ksB2(T—Tsy) is the heat sink per volum&d/ks= 2 is chosen for
1 (Tw—Tsadl ¢ 2 slip Re<1 for most droplets in the current study.
thﬁ Tu— Tsal 1+ 20/ pgHigr o) ) The equation foiT; can be written as

Herer, is the radius of the nucleation cavity. This equation Ty aTy  dTy A
gives a waiting time of about 1js with rc=2um and T, PCoU G5 TP Gy TRz TRz
—Tsa=30°C. The principal attractive feature of this concept is » .
that the waiting time decreases slightly as the wall temperatUr€" the current study, the boundary conditions Tor include
increases. Because this waiting time depends strongly on the vaftla/dx=0 atx=0 andx=L/2 and fory

- ksﬁz(T_ Tsat) . (3)

4

of r. that is difficult to determine, this model cannot be applied T,=T, aty=0 (5)
confidently for the present study. Besides, this model does not 1= w
account for the effects of the droplet size and impact velocity. T1=Tey at y—oo. (5b)

Although the impact velocity was considered, the scale of the ) ) o
residence time given by Hatta et fL4] did not include any wall Splutlon for Eq.(4) subject to(5) together w[th flow descrlptlpns.
temperature effect. The reason may be that their experiment W44 Produce a result for pure steam. In this work no solution is
conducted at a very high wall temperatuabove the Leidenfrost presented; rather the result is known _from experlme_nt to produce
temperaturg If the wall temperature is low, the free-slip boundanlo(X) =0"/(Tw— Tsa) . In[15] the experimental result is shown to
condition used in their study cannot be used any more. This bad@ee substantially with other investigations. In lieu of an analyti-
for time scale will give a constant cooling enhancement for afial solution, the following near-wall temperature distribution is
wall temperatures, which is not the case from experiments. TRgsumed.

Hatta model is expected to be valid as the temperature rises; it _ _ —yhn Ik
should from a Iowgr bound for the contact time. P o= (Tw = Tea@ 0ot T, (©)

For our selected model it is assumed that the droplet will dethereh is the heat transfer coefficient obtained from experimen-
form into the lens shape of Fig. 3 and remain on the wall mometal study.T,, andh, depend orx.
tarily without wetting gaining superheat according to the transient ConsideringT, is a function ofy only, the equation foil , can
process of heat conduction discussed already. A vapor layer wik simplified as
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d*T, dT, Table 1 Experimental cases

Ks——z—pCpv ———KsBX(T1+ Ty~ Ty =0. 7
Sdy PCp dy BTy 2 sal (7) o ] T | mym, =
» Case | Re | iy | ™CO | o0y | ) | (wimd) | Do
The boundary conditions for Eq7) are
1 | 14,000 | 150 125 105 15| 7,540| 25
T,=0 aty=0 andy—-c. (8) 2 | 22500 210 130 105 | L75| 20900 4.0
This equation is first solved without considering the second terf 3 | 22500 | 210 165 105 | 0.75| 20900 1.7
and the result fop3# hy/ks can be given as 2 7.500 105 s 103 33 7540 71
2T _
T,= BTy Tea) (e~BY—eYholks), ©) 5 | 14000 | 153 154 105 15| 13,400 1.8
B (hO /ks
Therefore, the heat transfer augmentation due to mmjstdefined
as —kg(dT,/dy)|y=o/(Tw— Tsa), Can be given b
S(dT2 y)|y_0 (Tw=Tsa) ) 9 y Table 2 Results of the model
h, — (Bks/ho)
T AL koA P i i ? "
hy kgt 1’ (10) Case rediction Results (W/m?) o Ex;ror
3 ql" q2u q3" q”lolal (W/m ) (/0)
Assume that hy=100 W/n?K, cmis=2 percent anddse/d3,
=10""m~2, a value ofh,/hy=0.069 is obtained. A value far ! 3,000 131 4143 7,274 7,540 | 35
of 10 percent will give a value of 0.269 fdr, /h,. 2 5,250 | 143 15,196 20,589 20900 | -1.5
The effect of the second termc,vdT,/dy can be evaluated | 3 12,600 | 149 8,504 21,253 20,900 1.7
using Eq.(9). The velocity,v, leaving the boundary layer is esti-[—, 1675 | 627 2.746 7048 7540 | 65
mated to be only about 0.25 mm/s by integrating the vapor g - - - - -
erated from droplet evaporation. For the conditions of the el 7497) 317 3,691 13,505 13400 | o8

ample, this results in a value of the second term about 1 percent of
the sink term and is neglected. The solution Torgiven by Eq.
(9) is accepted as an approximation. . ) ) )

The liquid concentration near the target wall might be differer@@se shown in Fig. 2. The predicted results are given in Table 2.
from the average concentration because the droplets cross TR input to the analytical model includeg, Ty, Tsa, My /ms,
streamlines. However, migration of the droplets away from thes well as the droplet size distribution by PDPA. In Tableg?,
wall occurs due to the lift forces and turbulent dispersion makesho(T— Tsa) is the single-phase heat transfer from wall to
the mist concentration more uniform and close to the averageeam,q; using Eq.(10) is the quenching effect of the mist; and
value. Therefore, the quenching effect of the mist is estimated is the direct heat conduction during the contact time of @j.
with the average concentration. Surveys by PDPA support thigm wall to droplet. It can be seen that the predicted results and

assumption. the experimental data have good agreement, especially when con-
o sidering the experimental uncertainty. The relative size of the vari-
Model Validation ous contributions is shown clearly in Table 2 agfj/q; is the

The average heat transfer withitb<<1 is considered. As an heat transfer enhancement ratia,s/hy. The g3 component
example, a distribution of droplet size from the experimentalominatesy; . Both qj andqgz become important in proportion to
study is given in Fig. &) at the jet exit for Re=14,000 and mist concentration.
m,/m¢=1.5 percent. This size distribution, obtained by PDPA
measurement entering the test section, gives the average diameters = .
of djg=4.7um anddsy=6.4um. By using FLUENT[17], the Prediction of Parametric Effects

droplet distribution impacting the wall is given in Fig(th. For  The general aim of the prediction is to determine the heat trans-
the case cited, it is predicted that droplets less thambwill not  fer due to droplet injection, given wall temperature, Reynolds
impact the wall, which means there is no direct heat conductigymber, liquid concentration and droplet distribution. Firstly, the
from the wall to droplets. The heat transfer to small droplets igalytical model discussed above requires the droplet size distri-
mainly through the steam. Though not shown there is divergenggtion. Secondly, the impinging velocity and deposition rate on
of the pathlines resulting in diminished droplet flux at the stagnghe heated surface must be known. These can be evaluated respec-
tion point. The impact velocity varies with droplet size and injeciyely by empirical equations or obtained by numerical simulation.
tion location and for the case cited it ranges up to 12 m/s.  Thirdly, determine the heat removal from the target wall directly
Table 1 lists five different cases to be predicted. Case 1 is t59 the droplets. Lastly, add the heat transfer by the two other
components and obtain the total heat transfer.
The current analytical model can successfully predict the effect

40 5 of various parameters observed in the experiment. When the wall
temperature increases, the heat transfer from wall to steam and
o iﬂi‘éiﬁ: o | Rel4on from steam to droplets will increase proportionally with the tem-
2 . 2 m/m,~1.5% perature difference. However, the heat transfer due to the direct
< Re=14,000 < 3 conduction from wall to droplets will change littleompare cases
g 20 m/m=1.5% ié 1 and 5 because the residence time becomes short. Therefore, the
Z z 2 ratio of heat transfer coefficients will decrease, which has been
3 - g observed in experimental studies. Figure 6 shows the predicted
5} 9] L . .
& a1 result of the wall temperature effect, given the mist concentration
1 III I and impact velocity for 1Qum droplets and a single-phase heat
- oy s 5 015 transfer coefficient of 150 W/fK. As shown in this figure, the
(a) d (um) (b) d (um) droplet impact velocity is an important variable affecting droplet
heat transfer, a trend in agreement with the experiment by Peder-
Fig. 5 Droplet distribution and number at jet exit and on target son[9]. Figure 7 shows the comparison of the model result and

wall: (a) at jet exit; and (b) impacting on target wall  (x/b<1). the experimental data. Here the droplet size distribution measured
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6 6 P depends on the jet velocity as well as the droplet size. Small

—-——— m/m=1% _———

S I m=0% s Vf'“"“‘:sm droplets always have a small impact velocity if they have enough
i e m:/mls% S Vf""”°:=3m/s momentum to reach the wall.
ab N ) 4t ! > Given wall temperature and mist concentration, if the jet veloc-
Y h,=150W/m’K 4 h,=150W/ni’K L o
£ \ [ £ \ o’ v ity increases, the heat transfer from wall to steam will increase but
. \, v, =5m/s L \ m/m=2% .
%3 ~ mpact E 3, ¢ § the heat transfer from steam to droplet will decrease due to the
= " , thinner boundary layeisee Eq(10)). The heat transfer from wall
to droplet will increase as more droplets hit the wall at higher
1 1 impact velocity. As a result, the overall heat transfer enhancement
increases when the jet velocity increases. This tendency is verified
% 50 100 150 % 50 100 10 Py experiment.
Tw-Tul Tw-Tsa( H
Conclusions
Fig. 6 Predicted effect of the wall temperature on mist ~ /steam A model for mist/steam jet cooling has been developed and

heat transfer at different mist concentrations and droplet im-

pact velocities presented which considers the total heat flow to be comprised of

three components. A single-phase-like heat flow and a boundary
layer quenching effect account for heat flow leaving the surface
6 through the steam. To this is added a heat flow occurring in brief
contacts with impacting droplets.
Heat conduction from the wall to droplets is found to be the

\
5 ‘\\ V' Experimental Data dominant enhancement mechanism. The quenching effect of drop-
I lets in the steam flow becomes important when the mist concen-
4 \\ Model Result tration is high. The heat transfer to small droplets is mainly
\ through the steam while larger droplets hit and cool the heated
5.: \ Experimental Condition: wall by direct heat conduction.
g 3 V Re=22,500 Because the enhancement increases at lower wall temperature,
= N m/m=0.75% the contact time for direct conduction varies inversely with wall
2 S~ * superheat. A contact time correlation is proposed which, with a
V- _— simple conduction model, accounts for the observed heat transfer
~ ] within the experimental uncertainty. The model depends on size
1 distribution, impact velocity and density for droplets, requiring a
dispersed-phase trajectory model.
0 All mechanisms of cooling are proportional to mist concentra-
0 20 40 60 30 100 tion. The effect of vapor velocity is mildly positive on the en-
o hancement. The effect of droplet size has both positive and nega-
Tw'Tsat( <) tive components and the model has implied predictions but these

are not known from experiment.
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6 is used. The enhancement of heat transfer is proportional to Icorgble at f[ht?] nge:ﬁlcl:znerlgy 'Il'ecthp?lo]gy (éenter gér;ddby Dr.
mist concentration. With a fixed value of impact velocity, smalle arry &olan at the sou arofina [nstitute for £nergy Studies.
droplets provide greater enhancement. However, this result canppt
be used simplistically because the impact velocity of a droplgﬁjmendature

A = area(m?)

b = jet width (7.5 mm

6 6 > C = mass concentration
. y ¢, = specific heat capacit§d/kg-K)
sp— TWTw30C s;T_ @l 7 d = diameter of dropletum)
4 T T 80°C AT dyo = arithmetic mean diametégm)
. ) . / day = volume mean diametejm)
<, P 5% 3 // ds, = Sauter mean diameténm)
: el < s H¢g = latent heatJ/kg
2 T sowidk 2 2 hy=150W/K h = heat transfer coefficienutq”/(TW—Tsaé(W/mZ-K)
N v =5mjs . v, =5mis hmist = heat transfer coefficient of migt/m*-K)
d:"f(“;im Tw-stm:30°C h, = steam-alone heat transfer coefficiéW/m?-K)
0 0 k = heat conductivitf W/m-K)
0 002 0.04 006 008 0.1 0 0.02 0.04 006 008 0.1 m = mass flow rate(kg/s)
/1
m/my e P = pressurgN/m?)
Q = heat conductios [,q"Adt(J)

Fig. 8 Predicted effect of the mist concentration on mist / >
steam heat transfer at different wall temperatures and droplet q" = heat flux(W/m-)
diameter Re = Reynolds numberd;2b/ us)
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r = coordinate in the radial directiofm)
T = temperaturdK)
t = time (s
t, = residence timds)
y, v = velocity components i, y directions(m/s)
v; = jet velocity (m/s)
We = Weber number gv?d/ o)
x = coordinate along the target wath)
y = coordinate perpendicular to the target waif)
o = thermal diffusivity (m?/s)
B = variable defined in Eq(3)
A = thickness of vapor layeim)
& = height of spherical cagm)
u = dynamic viscosity(kg/m-9
p = density(kg/m®)
o = surface tensioriN/m)
Subscripts
| = liquid phase
s = steam
sat = saturated
w = wall
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