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Mist/Steam Heat Transfer in
Confined Slot Jet Impingement
Internal mist/steam blade cooling technology has been considered for the future ge
tion of Advanced Turbine Systems (ATS). Fine water droplets of about 5mm were carried
by steam through a single slot jet onto a heated target surface in a confined cha
Experiments covered Reynolds numbers from 7500 to 25,000 and heat fluxes from 3
kW/m2. The experimental results indicate that the cooling is enhanced significantly
the stagnation point by the mist, decreasing to a negligible level at a distance of s
widths from the stagnation region. Up to 200 percent heat transfer enhancement a
stagnation point was achieved by injecting only;1.5 percent of mist. The investigatio
has focused on the effects of wall temperature, mist concentration, and Reynolds nu
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Introduction

To improve the overall efficiency of gas turbine engines,
turbine inlet temperature and compressor pressure ratio are
tinuously increasing for the next generation of gas turbine s
tems. As a result, even with the potential advancement of fu
high-temperature materials, highly efficient gas turbine engi
are expected to continue to operate at temperatures much h
than the allowable metal temperature of the turbine airfo
which, in turn, makes effective cooling of the airfoils essentia

With recent adoptions of closed-loop steam cooling by two m
jor gas turbine manufacturers@1,2# for their heavy-frame Ad-
vanced Turbine Systems~ATS!, a major part of external air-film
cooling load will be replaced by internal steam cooling. Gen
ally, the internal heat transfer coefficient is required to be in
range of 8000;10,000 W/m2 K in order to replace the cooling
load currently shared by external air-film cooling. Liquid wat
can achieve this goal easily, but problems with instability wh
boiling occurs have discounted its chances. With the availab
of steam from the bottom cycle of a heavy-frame ATS, mist/ste
cooling has been introduced by this research group@3# as a poten-
tial means to enhance the internal cooling effectiveness of tur
airfoils significantly. The advantages and reasons for using m
steam cooling, a comparison of mist/air and mist/steam cool
and a review of previous related studies have been presente
Guo et al.@3# and are not repeated here.

Basically, the concept of using mist/steam cooling to enha
cooling effectiveness is based on its following features:~a! latent
heat of evaporation,~b! increased specific heat,~c! steeper tem-
perature gradient near the wall,~d! lower bulk temperature,~e!
increased flow mixing induced by steam-particle interactions
particle dynamics, and (f ) additional momentum and mass tran
fer induced by evaporation of liquid droplets on/near the wall.

Jet impingement cooling has been applied widely to prov
high heat transfer rates in many industrial processes, including
hardening and quenching of metals, tempering of glass, and c
ing of electronic components. The early studies show that jet
pingement cooling is better than channel cooling for gas turbin
especially for the leading edge of the turbine blades. Single-ph
jet impingement has been studied extensively, including h
transfer at the stagnation point, local heat transfer, and effec
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turbulence intensity and nozzle geometry. However, few stud
have been found on mist jet impingement, including air–wa
mist and steam–water mist.

Wachters et al.@4# considered the impact of droplets about 6
mm impacting a heated surface in the range of 5 m/s. Imping
droplets could only maintain the spheroidal state with relativ
high surface temperatures. The required temperature depende
thermal properties and roughness of the surface as well as
Weber number of the droplets. In the spheroidal state very
rates of heat flow were observed.

Goodyer and Waterston@5# considered mist/air impingemen
for turbine blade cooling at surface temperatures above 600
They suggested that the heat transfer was dominated by pa
contact between the droplets and the target surface, during w
the droplets vaporized at least partially. A vapor cushion and
elastic deformation of the droplets were responsible for rejec
the droplets. Addition of 6 percent water was found to impro
the stagnation point heat transfer by 100 percent, diminish
away from the stagnation point. Droplet size was found to ha
little effect for 30mm ,d32,200 mm.

Takagi and Ogasawara@6# studied mist/air heat and mass tran
fer in a vertical rectangular tube heated on one side. They ide
fied wet-type heat transfer at relatively low temperatures and p
dryout type at higher temperatures. In the wet region the h
transfer coefficient increased with increased heat flux. In the p
dryout region the heat transfer coefficient increased with dro
concentration and flow velocity and with decreased droplet si

Ganic and Rosenhow@7# studied the effects of dispersed dro
lets on heat transfer in a gas flow. They demonstrated that the
heat transfer flux is the sum of a single-phase component a
component due to direct impact of the droplets. In trajecto
analysis of droplets in the temperature boundary layer, they
cluded a lift term arising from faster evaporation on the side of
droplet nearer the wall where the gas temperature is higher.
higher evaporative rate gives rise to a momentum imbala
equivalent to lift.

Mastanaiah and Ganic@8# conducted experiments on mist/air i
the post-dryout region in a vertical circular tube. Performan
depended mainly on wall temperature and was independent o
mass velocity for a range of temperatures in film boiling. Th
confirmed the heat transfer coefficient decreased with increa
wall temperature.

Yoshida et al.@9# focused on the effect on turbulent structu
with a suspension of 50-mm glass beads. In the impinging je
region, the gas velocity decreased due to the rebound of be
accompanied by an increase in the normal direction velocity fl
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tuations. In the wall-jet region the effect was slight. The Nuss
number was found to increase by a factor of 2.7 for mass fl
ratios ~solid/gas! of 0.8.

Lee et al.@10# studied the dynamic depositional behavior
droplets in a mist/air flow in a vertical rectangular channel w
one side heated. It was found that when the droplet diameter
30;80 mm, a ‘‘superbly’’ effective cooling scheme with te
times the heat transfer enhancement could be established b
evaporation of an ‘‘ultrathin’’ liquid film (50;100 mm!.

Buyevich and Mankevich@11,12# modeled the particles in the
mist as liquid discs separated from the wall by a vapor la
whose thickness is that of the wall roughness. A critical imp
velocity was identified to determine whether a droplet rebound
is captured. They applied the model to dilute mist impingem
and reported agreement with experiment.

Fujimoto and Hatta@13# studied deformation and rebound of
water droplet on a high-temperature wall. For Weber number
10–60, they computed the distortions of the droplet as it flatten
contracted, and rebounded. They used a simple heat tra
model to confirm that surface tension dominates vapor produc
in the rebounding process. Hatta et al.@14# gave correlations of
contact time and contact area of the droplet with Weber num

Guo et al.@3,15# studied the mist/steam flow and heat trans
in a straight tube under highly superheated wall temperatu
Droplet size and distribution were measured by a Phase Dop
Particle Analyzer~PDPA! system. It was found that the heat tran
fer performance of steam could be significantly improved by a
ing mist into the main flow. An average enhancement of 1
percent with the highest local heat transfer enhancement of
percent was achieved with 5 percent mist. Guo et al.@16# per-
formed an experimental study on mist/steam cooling in a hig
heated, horizontal 180 deg tube bend with the same experim
facility as above. Due to the effect of centrifugal force, the ou
wall of the test section always exhibited a higher heat tran
enhancement than the inner wall. The highest enhancemen
curred at about 45 deg downstream of the inlet of the test sec
Only a small number of droplets could survive the 180 deg t
and be present in the downstream straight section. The ov
cooling enhancement of the mist/steam flow ranged from 40
300 percent with maximum local cooling enhancement being o
800 percent. It increased as the main steam flow increased
decreased as the wall heat flux increased.

Experimental Facility

Experimental System. The overall experimental system
shown in Fig. 1, which consists of four subsystems: steam sys
water system, atomizing system, and test section. The steam
tem supplies the main steam flow used in the experimental st
The high-pressure~about 8 bar! steam extracted from the stea
pipeline existing in the building becomes clean and dry satura
steam after passing through a strainer, a regulatory system, a
perheater, and a filter tube. The saturated steam at about 1.
then enters the mixing chamber and mixes with the mist from
atomizer system. The mist/steam flow enters the test sec
through a flexible silicone tube and goes to the condenser, w
it is cooled down to water. Water supplies the atomizer~Mee
Industries, Inc.! through a high-pressure pump to produce dropl
with an average diameter (d10) less than 10mm at 68 bar. Any
extra water in the mixer goes to drain through a steam trap.
arrangement of nozzles in the mixer has an important effect on
mist/steam flow. Four nozzles are connected by two valves
allow one, three, or four to operate together.

The test section is designed to implement heat transfer m
surement as well as optical penetration. It consists of a single
jet, heaters, thermocouples, and optical windows. Figure 2 sh
the layout of this test section. A tube 25 mm in diameter and 1
mm long connects the 50 mm flexible tube to the settling cha
ber, which is 703 100 mm in cross section and 60 mm long. T
162 Õ Vol. 123, JANUARY 2001
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collecting pipes are at both ends. The whole test section sli
horizontally and moves vertically by insertion of shims. Flexib
silicone rubber tubes are used to connect the test section with
mixer and the condenser to implement movement in both dir
tions. The container is made of aluminum to reduce the to
weight and assembled by bolts. Based on other studies and
recommendations from industry and limited by the steam-line
pability, the rounded-entrance slot size is 7.53 100 mm with a
nozzle-to-target spacing of 22.5 mm. The channel length is 2
mm. This size of slot jet gives a Reynolds number of about 25,0
with a jet velocity of about 30 m/s. Droplets with very high ve
locity may damage the heated surface, especially for a long pe
of operation. Therefore, the jet used in this study is scaled up fr
the industrial application to achieve the current Reynolds numb
On the plus side, these dimensions are convenient for opt
measurement.

To cover more extensive areas and prevent overheating,
discrete heater elements are used. The segmented heated sur
mounted firmly to a backup plate of high temperature and l
thermal conductivity. The middle one, which covers the stag
tion point, is only the half width of the other four identical ele
ments~38 3 76 mm!. Five heater elements are in series elect

Fig. 1 Schematic of experimental system

Fig. 2 Design of test section
Transactions of the ASME
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cally. Stainless steel sheet~Type 316!, with a thickness of 0.4
mm, is used for the four larger elements. The center elemen
copper nickel with one-fourth the electrical resistivity of stainle
steel. This yields an approximately constant heat flux within
percent.

Two large, flat Pyrex windows are used to cover the wh
side-confining wall of the channel. Such big windows make
optical measurement easier and the direct examination on the
dition of heated surface possible. The data at different locat
can be obtained by moving the test section or the optical sys
Compared with moving the jet issuing plate while a small wind
is used, this scheme can always make a symmetric flow cond
and cause little sealing problem. O-rings are used to seal the
tical windows.

The test section is directly heated by a DC power supply, wh
has a maximum voltage of 7 V and a maximum current of 750 A
To maintain a dry and clean window, hot air~200°C! from an
auxiliary heater is used to heat the window.

Experimental Instrumentation

Droplet Measurement. The droplet measurement is conduct
by a Phase Doppler Particle Analyzer~PDPA!. Two laser beams
~488 nm, green! with a waist diameter of 0.115 mm are issue
from the transmitter and focused on the same region, which g
erate the fringes for the PDPA system. The PDPA receiver
analysis software~Aerometrics! produce data on velocity paralle
to the heater surface, droplet size distribution, and droplet co
rate. The PDPA system is fixed; different measurement locat
are achieved by moving the test section.

Temperature Measurement.All temperatures are measured b
Omega 30-gage~wire diameter about 0.25 mm! Chromega/
Alomega ~K type! thermocouples with braided fiberglass insu
tion. A data logger~FLUKE Model 2250! is used to monitor and
record the temperature. The thermocouples, along with the
logger, were calibrated against a standard Resistance Tempe
Device ~RTD! system for nominal temperature uncertainty
0.3°C. To measure the temperature distribution on the heated
face, thermocouples are strategically placed at the stagnation
and at about 1, 2, 3, 5, 8, and 11 slot widths away from the
center. Only half of the heated surface is measured, while a si
thermocouple at the other side is placed to check for symme
The temperature at the inlet of the test section and the temper
of water for the atomizer are also measured.

Flow Rate and Others. Steam flow rate is measured by a
orifice flow meter. The catch-and-weigh method is also used
measure the flow rates and calibrate the flow meter in-situ. W
flow from the trap under the mixer is essential to determine
water concentration in the mist. The water flow rates from
traps just before the test section and at the bottom of the
section are also measured. The water flow rate to the atomize
be adjusted by changing the pump pressure.

The heating power to the test section is obtained from the
rent and the voltage across the test section. The current is give
the voltage across the precision shunt~with a resistance of 1.333
31024 V) of the power supply. The voltage across the test s
tion is measured directly by a voltmeter. Pressure gages be
and after the steam filter indicate the pressure of the steam.

Data Reduction and Uncertainty Analysis

Heat Transfer Coefficient. For jet impingement, the hea
transfer coefficient is usually defined as

h~x!5
q9~x!

Tw~x!2Tj
(1)

whereq9 is the wall heat flux,Tw is the local wall temperature
andTj is the jet temperature. The steam saturation temperatu
taken as the jet temperature for the current study. The wall t
Journal of Turbomachinery
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peratures are measured by thermocouples electrically insulate
mica at the back of the heater. Since the temperature drop ac
the heater is less than 0.5°C, which is negligible compared w
(Tw2Tj ), the temperatures of the thermocouples are used as
wall temperatures.

The heat flux on the heater can be obtained from the hea
power divided by the heating area, assuming the heater h
uniform thickness. In fact, the heating power can be obtain
directly from the electrical resistance of the heater compone
and the current passing through the heater as follows:

q95I 2j/dB2 (2)

where I is the current passing through the heater andj is the
resistivity of the heater materials.d andB are the heater thicknes
and width, respectively. Calculation by this equation avoids m
surement error of the heater length and of the voltage across
test section due to contact resistance. In the current design
supporting block for the heaters is ceramic with low heat cond
tivity and it is surrounded by saturated steam. A simple o
dimensional heat conduction model is used to provide a correc
of back heat loss less than 5 percent in data processing.

Flow Parameters. Steam traps in the mixer, immediately up
stream of the test section and from the condenser, allow dete
nation of average liquid flow in the test section. The velocity a
size of the droplets are given directly by the PDPA system. T
concentration of the liquid phase can be found from the drop
average diameter,d30, and the data rate~n! of the PDPA system:

ml5
p

6
r ld30

3 n (3)

In our experiment there appears to be frequent interruption
the signal by droplets on the glass. Thus, the value ofn is taken as
the largest value of many observations. The liquid concentra
obtained by the PDPA system is usually smaller than that obta
by the balance of flow rates.

Uncertainty Analysis. Based on the methodology develope
by Moffat @17#, thenth-order uncertainty analysis is conducted
both heat transfer and flow rate in this study. The results of
certainty analysis are summarized in Table 1. It is found that
uncertainty for heat transfer is about 5;7 percent and the larges
source is the heating voltage of the power supply. For the fl
rate, although the uncertainty for the steam phase is very sm
the mist concentration has a large uncertainty, about 40 perc
and the largest source isDt ~sampling time!. The main sources for
the uncertainty of Reynolds number are the steam viscosity,ms ,
and the slot length. The uncertainty of Reynolds number is
large either. The detailed uncertainty analysis is documented b
@18#.

Experimental Results and Discussions

Preliminary Experiments and System Verification. Pre-
liminary studies on single-phase steam jet impingement were c
ducted first to verify that the whole experiment system was r
able. The results also serve as a baseline for mist/steam
impingement. Different heat fluxes as well as different jet velo

Table 1 Results of uncertainty analysis
JANUARY 2001, Vol. 123 Õ 163



a

u

y
d

o

t

i

n
c

ch
ge-
ave

the
e

sec-
ca-
the

on.

ea-
of

ates
und
t a
er,
ith
igh-
re

is
tion

ans
ect
ain
ties have been tested. Figure 3~a! shows the heat transfer results
the stagnation point. The following correlation can be used
represent the data at the stagnation point:

Nu050.069 Re0.75Pr0.40 (4)

The characteristic scale used in the Reynolds number and Nu
number is 2b, two times the slot width. Figure 3~b! shows the
distribution of local heat transfer coefficient. The present res
are in basic agreement with prior studies. The power of the R
nolds number in Eq.~4! is higher than in other studies due to th
narrow range of Reynolds number. In fact, the heat transfer res
for jet impingement are subject to variations because of differ
nozzle designs, different heated surface condition, target
tances, and different turbulence intensity. The power for Reyno
number can range from 0.5 to 0.8@19#. Since the present stud
does not focus on the effect of different flow parameters and
ferent configurations but only on the effect of water droplets
heat transfer, the steam-only tests support that this experim
system is reliable without large bias error sources.

The symmetric character of the flow was examined by b
temperature and velocity measurements. The measurement re
including both steam-only flow and mist/steam flow, indica
though not shown, that the flow is highly symmetric.

Two-Phase MistÕSteam Jet Impingement

Results of Droplet Measurement for a Typical Case.With the
experimental system proven by preliminary studies, the typ
behavior of mist/steam jet impingement is examined. The R
nolds number is 15,000 and the heat flux is 13.4 kW/m2. Figure 4
shows the typical distributions of the droplet size a
x-component velocity obtained by the PDPA system at a spe
location close to the stagnation region (x/b52 and z/b50.5).
The droplet size ranges from 1 to 15mm with an arithmetic aver-
age diameter of 3.2mm. The velocity of the droplet has a larg

Fig. 3 Heat transfer results for steam-only flow
164 Õ Vol. 123, JANUARY 2001
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range from22 to 12 m/s with an average value of 5.6 m/s, whi
is due to the high turbulence of the shear layer in a jet impin
ment flow. It can also be seen that the droplet size does not h
a close relationship with the droplet velocity, which suggests
droplets follow the main flow well. The distribution of the averag
droplet size obtained at different locations throughout the test
tion indicates that the droplet size remains the same at all lo
tions except for the region close to the heated surface, where
droplets become smaller along the wall because of evaporati

Liquid Concentration Measurement.By using both the catch-
and-weigh method and the PDPA data, liquid flow rate was m
sured for different steam flow rates and with different numbers
nozzles. The results are listed in Table 2. The data range indic
the measurement uncertainty. The liquid concentration was fo
to decrease with the main flow rate. It was believed initially tha
higher steam flow rate would transport more liquid. Howev
further study found that the liquid flow rate itself decreases w
increasing steam flow rate. The possible reason is that h
velocity agitation of mist and steam in the mixer makes mo
droplets hit the wall and drain out.

More nozzles produce higher liquid concentration, which
also indicated by heat transfer measurements. Direct observa
found that liquid streams along the unheated walls, which me
some of the liquid collected by catch-and-weigh does not aff
the heated surface and the true liquid concentration in the m

Fig. 4 A typical result of PDPA measurement with one nozzle
at ReÄ15,000, x ÕbÄ2, and zÕbÄ0.5

Table 2 Results of liquid concentration measurement
Transactions of the ASME
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flow is lower than the calculated value. This effect, varying w
the main flow rate, can be used to explain partially the lower va
given by the PDPA method.

Results of Heat Transfer for a Typical Case.With a Reynolds
number of 14,000 and a heat flux of 7.54 kW/m2, the typical heat
transfer performance of mist/steam jet impingement cooling
summarized as shown in Fig. 5. In Fig. 5~a! the temperature dis
tribution with mist is compared to that without mist, showin
clearly the depression in temperatures caused by the mist.
heat transfer coefficient calculated by Eq.~1!, as shown in Fig.
5~b!, is considerably larger near the stagnation point. Forx/b
,2 the mist effect is strong, declining to aboutx/b56 where it
becomes negligible. Figure 5~c! shows the enhancement, which
the ratio of mist to dry heat transfer coefficient of Fig. 5~b!. The
enhancement for this typical case is 150 percent for;1.5 percent
mist content at the referenced conditions. The mist effect is
pressed at the centerline compared withx/b51, attributed to the
divergence of path lines resulting in defocusing of the mist
gether with the existence of droplet rebound and multi
contacts.

The reduction in enhancement downstream could be due to
of survival of droplets past the stagnation point or because
droplets become thermally remote from the wall. In this case, a
typical, only a small fraction of the droplets must be evaporate
account for the heat transfer in the stagnation region. There
the droplets do survive, a fact corroborated by the PDPA surv
in the downstream region. Therefore the only plausible reason
negligible enhancement forx/b.6 is that the droplets have be
come thermally remote. This contrasts with the observations
Guo@15# in a straight tube, where the mist always maintained a
to 20 percent enhancement even far downstream.

An extensive study has been performed by Li@18# to model the
dynamics of liquid droplets impinging on a hot surface and tra
ported in the boundary layer. Only a brief summary is given he
A study of the droplet trajectory shows the droplet has little tim
to evaporate inside the boundary layer. Near the stagnation p

Fig. 5 A typical heat transfer result of mist Õsteam jet impinge-
ment „q 9Ä7.54 kWÕm2, ReÄ14,000 and m l Õm sÄÈ1.5 percent …
Journal of Turbomachinery
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assuming an elastic rebound at expected velocities, the expo
to superheated vapor causes about 0.1 percent of the liquid m
to evaporate. Therefore, it is deduced that most of the heat tran
enhancement is caused by other mechanisms. One pos
mechanism would be the direct heat transfer from wall to drop
Some of the droplets may be captured on the wall for a short t
before they rebound, especially at low wall temperature. The

Fig. 6 Wall temperature distribution at different heat fluxes
„ReÄ7500 and m l Õm sÄÈ3.5 percent …

Fig. 7 Heat transfer coefficient at different heat fluxes „Re
Ä7500 and m l Õm sÄÈ3.5 percent …
JANUARY 2001, Vol. 123 Õ 165
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creased mixing and turbulence in the boundary layer due to
droplet injection may also contribute to the enhanced heat tr
fer. This can be supported by the experimental studies on sin
phase flow with solid particles inside@9,20#.

Effect of Target Wall Temperature on Heat Transfer.The
wall temperature plays an important role in the mist heat trans
The droplets are slowed as they approach the wall and are a
on by the evaporative lift force. As they penetrate the bound
layer and contact the wall, the droplets are expected to deform
suggested by Hatta et al.@14# for a time dependent on the wa
temperature. At low enough temperatures, the droplets could
the wall and evaporate completely, while for higher temperatu
the droplet will overcome any subcooling associated with
pressure of deformation, form vapor, and be repelled from
wall. Direct observation of the surface at all heat fluxes showed
evidence of droplet residence or any accumulated film. The c
plicated phenomenon noted by Guo et al.@15# resulted from a
pre-existing liquid film and is not relevant here. The downstre
region of Guo’s observation is more comparable. In the pres
study, data with several heat fluxes are available to examine
temperature effect. Figure 6 shows the temperature distribut
under different heat fluxes. Figure 7 shows the corresponding
transfer coefficient. The variation in single-phase heat transfer
efficient produces a constant Nu using the conductivity evalua
midway between wall and saturation temperature. The stagna
point heat transfer is enhanced by 40 percent at high heat
q9513.4 kW/m2 and the enhancement increases to over 400
cent at low heat flux,q953.35 kW/m2. Similar results about the
effect of the wall temperature on two-phase heat transfer w
reported by Guo et al.@15# and Takagi and Ogasawara@6#.

Effect of Liquid Concentration on Heat Transfer.Figure 8
shows results obtained with different liquid concentrations.
expected, increasing the liquid content significantly improves
heat transfer performance. The enhancement can rise to h
than 300 percent from 80 percent when the liquid content
creases to 1.5;2.0 percent from 0.5;1.0 percent for Re

Fig. 8 Effect of liquid concentration on wall temperature and
heat transfer coefficient at Re Ä22,500 and different heat fluxes
166 Õ Vol. 123, JANUARY 2001
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522,500 andq9520.9 kW/m2. However, increasing liquid con
tent does little to improve the heat transfer far away from
stagnation point.

Effect of Steam Flow Rate on Heat Transfer.A high steam
flow rate, which means high jet velocity in the present study, w
force more droplets to approach the wall. Therefore, more h
can be removed by mist if the mist concentration is the sa
However, since the single-phase heat transfer also increases
the main flow rate, the enhancement ratio of the heat tran
coefficient is more complicated. Because the liquid content
pends on the main flow rate, it is very difficult to control th
experiment under identical liquid concentration and different R
nolds number, although a different number of nozzles can be u
Based on the limited data, it is found that the enhancement rat
proportional to Re0.3 at Tw5200°C, which means that increasin
the main flow rate will improve the heat transfer enhanceme
Guo et al. @15# gave a similar conclusion based on mist/stea
cooling in a straight pipe.

Relevance to Turbine Applications.Actual application is ex-
pected at 25;35 bar, and Reynolds number to 400,000. Proje
tions to the higher Reynolds numbers of gas turbine applicati
will increase the single-phase heat component and improve
mist component, based on the trends herein. At the increased
superheat values, which may reach 700°C, there may be a de
in the mist effect. But the trends indicate that the mist concen
tion continues to influence the mist effect and it is expected t
the higher fluid density will permit carrying increased mist co
centration. More study will be required to establish wheth
higher pressures and temperatures will support useful m
enhancement.

Conclusions
A heat transfer enhancement has been observed due to

added to steam in an impingement flow. A 150 percent enhan
ment with a mist concentration of 1.5 percent is typical in t
stagnation region. The highest effect is in the stagnation reg
x/b,2, whereb is the slot width. Fromx/b52 to x/b56 the
effect wanes, and forx/b.6 there is no significant effect. The
stagnation point enhancement is strongly influenced by heat fl
increasing from 40 percent at the highest flux to over 400 perc
as the flux is reduced by a factor of four. The increase in enhan
ment is roughly proportional to the liquid content at the stagnat
point, but positions downstream remain unaffected at any liq
rate. The heat transfer enhancement is modestly affected by s
velocity ~Reynolds number!. Tentatively the enhancement varie
with Re0.3, based on limited data. For low heat flux and hig
liquid flow conditions the maximum cooling effect is locate
away from the stagnation point.

Mechanisms noted include the systematically dry condition
the heated surface, having neither film nor visible droplets
long enough to be seen by eye. Calculations of droplet trajec
and thermal boundary layer indicate the droplets have too l
residence time to evaporate significantly. The PDPA data indic
relatively large ranges of velocity parallel to the heater surfa
Surveys downstream on the plate do indicate smaller droplets
the heated wall, but no elevation in concentration. Estimates s
gest that the direct contact heating of droplets is responsible
most of the enhancement, consistent with these observations.
or no droplets evaporate completely.
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Nomenclature

B 5 width of heat element
b 5 jet width57.5 mm
d 5 diameter of droplet

d10 5 arithmetic mean diameter
d30 5 volume mean diameter
d32 5 Sauter mean diameter

h 5 heat transfer coefficient
I 5 current through the heater
k 5 thermal conductivity of vapor

m 5 mass flow rate
Nu 5 Nusselt number5h2b/k

n 5 data rate, s21

Pr 5 Prandtl number
q9 5 heat flux
Re 5 Reynolds number5rsVj2b/ms
T 5 temperature
t 5 time

Vj 5 average jet velocity at jet exit
Vshunt5 voltage cross the shunt

x 5 coordinate along the target wall
z 5 coordinate along the jet centerline
d 5 thickness of heater elements
m 5 dynamic viscosity
r 5 density
j 5 resistivity,Vm

Subscripts

0 5 stagnation point
j 5 jet
l 5 liquid phase
s 5 steam

sat 5 saturated
w 5 wall
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