Experimental Study of Heat
satish 6. kanaiikar’ | TF@NSfer in an Evaporating

e-mail: sgkeme@rit.edu

waikeatkean | VIENISCUS ON @ Moving Heated
awhijit mukheriee | Surface

Thermal Analysis and Microfluidics Laboratory,
Department of Mechanical Engineering,
Rochester Institute of Technology,

76 Lomb Memorial Dr.,

Rochester, NY 14623

A stable meniscus is formed by a circular nozzle dispensing water over a heated circular
face of a rotating cylindrical copper block. The nozzle is offset from the axis of rotation of
the copper block and thus a moving meniscus is formed on the surface. The water flow
rate, heater surface temperature, and the speed of rotation are controlled to provide a
stable meniscus with continuous evaporation of water without any meniscus breakup. The
study provides an important insight into the role of the evaporating liquid-vapor interface
and transient heat conduction around a nucleating bubble in pool boiling.
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Introduction [24,25. In their experiments, heat flux was found to increase lin-
early with the meniscus velocity from 0 to 0.38 m/s. Further in-

Heat transfer at the liquid-vapor interface with a moving COM%rease in velocity caused a meniscus breakdown. The variation of
tact line on a heated surface is of great interest in boiling studi

. ; . %vancing and receding contact angles with meniscus velocity
T_he meniscus region heat transfer is not well und‘erstood,. antyds also studied over the range of parameters investigated.
direct ”.‘easur?“ﬁe”t. Of. hea_t flux under an evaporating meniscus Fhe advantages of studying the meniscus geometry are fairly
useful in providing insight into the associated heat transfer phg

i 0 bvious:(i) the liquid-vapor interface and the contact line region
nomena. The heat transfer around a nucleating bubble is in m be viewed clearly without any obstruction from the highly

respects similar to the advancing and receding motion of the Mgsiive poiling phenomena occurring around a bubble in pool boil-
niscus on a heated surface. o _ ing, and(ii) under stable operating conditions, the liquid flow rate
A novel technique is presented in this paper by which we cafovides a direct measurement of the heat transfer rate over the

access the liquid-vapor interface and the contact line regien \yeited region bounded by the advancing and receding interfaces.
fined as the region where the liquid-vapor interface meets the

heater surfage Figure 1 presents a comparison between a movi .

meniscus and a nucleating bubble. As the bubble grows, {quterature Review

liquid-vapor interface advances into the liquid; the receding liquid As mentioned earlier, previous studies on meniscus mainly fo-
front of a moving meniscus represents this region of the bubbtesed on stationary menisci, which were formed inside or at the
ebullition cycle. As the bubble grows to its departure size, i@utlet end of a capillary or a small diameter tube, or at a straight
footprint on the heater surface rapidly shrinks as the liquid fro@dge formed between two intersecting surfaces.
advances over the region that formed the bubble base during théh 1978, Waynef1] stated that viscous flow in a thin film in the
bubble growth period. This region of rewetting is represented bgpmediate vicinity of the interlingjunction of solid-liquid-vapor
the advancing liquid front of a moving meniscus. significantly affects the complete profile of an evaporating menis-

Figure 2 shows the details of a wedge of thin liquid film on &UYS- This change as a func_:tlon of hea_t flux was theoretically ana-
heated surface. Three regions are identified Hérélonevaporat- 'yZed based on the premise that fluid flow was caused by the
ing Adsorbed Thin-Film Regioin this region, liquid is adsorbed London—van der Waals dispersion force. In their analysis, the
on the heater surface and forms a nonevaporating layer. The riBange in the apparent contact angle from its intrinsic value was
lecular forces have controlling influence, and the disjoining preéitributed to viscous effects only and did not include a surface
sure reduces the pressure in the liquid and enables it to reside fP4ghness effect. The extended meniscus was divided into three
supersaturated liquid statéii) Evaporating Thin-Film Regian zon_es:(l) the |mmed_|ate vicinity of _the_ interlinéthe thin film
Evaporation occurs at the liquid-vapor interface, and liquid is fdggion, where the thickness of the liquid can vary from a mono-
from the bulk liquid through the intrinsic meniscus region. HerdYer to approximately 500 Afii) the inner intrinsic meniscus
both the disjoining pressure and the capillary forces play a rof&9'°") where the thickness range is approximately 0.05-10
(iii) Intrinsic Meniscus RegiorThe fluid mechanics in this region < 10~ m; and(iii) the outer intrinsic meniscus region, where the
is governed by the conventional equation of capillarity. thickness is greater than 19 m. _

Previous studies on meniscus mainly focused on stationary meHolm and Gopleri2] stated in 1979 that very high heat transfer
nisci, which were formed inside or at the outlet end of a capillaf@tes have been observed near the triple interline, the junction of
or a small diameter tube, or at a straight edge between two intfe vapor, the evaporating thin film, and the nonevaporating ad-
secting surfaces. The focus of most of these studie®3 was sorbed thln film. Dropwise condensation was used as an examp_le
the microscale and macroscale heat transfer and fluid mecharift@t exhibits surface heat transfer coefficients that are approxi-
in the vicinity of the stationary contact line region. mately one order-of-magnltude greater thap the coefficients result-

A clear influence of the meniscus velocity on heat flux wa§d from film condensation. At the same time, Holm and Goplen

demonstrated in their early experiments by Kandlikar and Kudlemonstrated that the extent of interline dispersion at any time can
be controlled by using capillary grooves partially filled with a

iCorresponding author. liquid as a means of forming the triple interline region. The heat

Manuscript received August 20, 2003; revision received December 15, 2odkansfer is au_gmented t_)y the flow of the ”q_Uid into the groove
Review conducted by: J. N. Chung. under the action of capillary forces—a passive process. Because
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liquid tact line region of an evaporating curved liquid film in 1996. In
supply their experiment, the evaporating film thickness profiles were
measured optically using null ellipsometry and image analyzing
interferometry. The pressure field was obtained from the thickness
profiles using the augmented Young-Laplace equation. Using the
liquid pressure field, the evaporative mass flux profile was ob-
tained from a Kelvin-Clapeyron model for the local vapor pres-
sure. An evaporating meniscus was formed in the circular experi-
mental cell with octane as the working fluid.

@ nucleating (b) evaporating Objectives of the Present Work
bubble meniscus o
The objectives of the present work are as follows:

1. Develop an apparatus to investigate stationary and moving
liquid-vapor interface formed by a meniscus on a heated
advancing surface
contact line 2. Study the interface characteristics such as the advancing and
o2 receding contact angles through high speed photographs
3. Obtain quantitative information on the size and shape of the
meniscus as a function of meniscus velocity and heater sur-
face temperature
4. Obtain quantitative information on the heat transfer rates
from the heated surface to the meniscus base as a function of
water flow rate, meniscus velocity, and heater surface tem-
perature

receding
contact lin

(c) evaporating and
moving meniscus

Fig. 1 Similarity between a nucleating bubble and an evapo-
rating meniscus in the contact line region

of the small physical dimensions associated with a meniscus, t'ﬁgeoretlcal Analysis

local characteristics of the combined heat and mass transfer proThe heat transfer in the meniscus region is modeled as consist-
cesses were deduced from overall characteristics, su@htasal ing of three main features:

heat transfer from a grooved plat@, overall temperature drops

in the walls separating the grooves, aiiit) the temperature dif- 1. Transient heat conduction between the the heater surface and

ference between the top of the wall and the surrounding vapor. _ the water o .
In 1992, Swanson and Herd8] formulated a mathematical 2. vaaporatlon of water along the receding liquid-vapor inter-
ace

model describing the evaporating meniscus in a capillary tube
incorporating the full three-dimensional Young-Laplace equation, **
Marangoni convection, London—van der Waals dispersion forces,
and nonequilibrium interface conditions. The governing equations

and boundary conditions were cast in terms of five coupled non-The recirculated and fresh incoming water streams are mixed as
linear ordinary differential equations and solved numerically. Th@ey flow behind the advancing liquid-vapor interface. The tem-
model was tested using various values of the dimensionless supgirature of this mixed stream depends on the recirculation rate
heat and dispersion number. ) and the temperature of the incoming water.
~In 1994, Hallinan et al[4] determined the effects of evapora- Figure 3 identifies different flow regions considered in the
tion from the thin film region of a liquid-vapor meniscus withinpresent model. The inlet stream is identified as stream A, the
the micropores of a heat pipe wick on the interfacial shape, teffrixed stream is identified as stream B, while stream C represents
perature distribution, and pressure distribution. the water flowing over the heater surface encountering transient
Khrustalev and Faghii5] developed a mathematical model ofheat conduction, stream D is the fluid flow behind the receding
the evaporating liquid-vapor meniscus in a capillary slot in 199terface, and stream E represents the evaporating water. Since the
The model consists of two-dimensional steady-state momentyfniscus is stable, the inlet and the evaporating stréAraad B
conservation and energy equations for both the vapor and liqugs equal.
phases and incorporates the existing simplified one-dimensionairhe transient heat transfer between the heater surface and water
model of the evaporating microfilm. A constant wall temperaturg dictated by the relative thermal diffusivities of water and the
is assumed in the analysis because the solid wall thermal condggated copper block. The instantaneous temperature of the inter-

tivity is significantly higher than that of liquid. face of two semi-infinite mediums is given by Schneif2] in
Kim and Wayneif6] experimentally and theoretically evaluateghe following:

the microscopic details of fluid flow and heat transfer in the con-

Recirculation and mixing of the unevaporated water behind
the advancing liquid-vapor interface with the incoming wa-
ter

(kpCp)&2T s+ (kpCp)w Twi

Tins,s-w= (kpCo) T2+ (kpc,) 12 (1)
Intrinsic For an initial surface temperature of copper block of 108°C,
Non-evaporating Evaporating Meniscus region and a water temperature of 100°C, using Ef) we obtain
Adsorbed thin-film thin-film region Tins,s-w=107.65°C. Because of the large thermal diffusivity of
region J copper, the surface temperature is found to be close to the initial
temperature of the copper block. Therefore, the interface tempera-

\ Vapor ture to be the_ same as the initial temperature of the cqppz_er_block,
and the transient heat transfer is modeled as the semi-infinite me-
dium in water coming in contact with a constant temperature of

R (he heater surface.

A detailed numerical study of a two-dimensional moving and
Fig. 2 Details of an evaporating meniscus region evaporating meniscus was conducted by Mukherjee and Kandlikar

Journal of Heat Transfer MARCH 2005, Vol. 127 | 245



Degassed
Water Supply Dispensing

Nozzle

Rotating Heated
Copper Block

. 3
Heater Motion :
— 6 ] High Speed
Camera

Fig. 3 Identifying various streams in a meniscus moving over Regulator / Flowmeter
a moving heater surface: (a) fresh water inlet, (b) recirculating Valve
mixed stream, (c¢) water stream in transient heat conduction

with the heater surface, (d) water stream flowing behind the

receding interface, and (&) evaporating vapor stream

Fig. 5 Experimental setup

[27]. The complete Navier-Stokes equations along with continuifyyjisheq with 1um slurry in the final stage of polishing. The
and eélgrgydeqtrjlatlons were solved. C'rﬁmat'oﬂ of liquid wlas OBolished surface prevents any boiling inside the meniscus by re-
served inside the meniscus. Figure 4 shows the numerical resilf,inq |arge-sized nucleation cavities. This allows a superheat of

for recirpulation of qu.uiql inside the meniscu.s. The CirCUIaﬂqréround 8—10°C without nucleation occurring inside the meniscus,
pattern is seen to be similar to that shown in Fig. 3. The numerlctﬂlus providing a stable evaporating meniscus

results also showed that the heat transfer rate near the advanC|n|gigure 7 shows the schematic of a rotating test section. A cop-

liquid front was the highest due to transient conduction betweep,. piock 37 mm in diameter and 63 mm long is placed on an

the heater and the recirculated liquid. In the present work, hegkjating and support disk with four screw attachments to mini-
transfer rates are experimentally measured over the entire me

. "¥ize the conduction losses. The top surface of the copper block is
cus region. also polished with the m slurry in the final stage of polishing.
. . The assembly is then mounted on the shaft of an electric motor
Experimental Setup and Experimental Procedure whose rotational speed can be closely controlled by supplying

Figure 5 shows a schematic of the experimental setup with teltage from a digitally regulated power source. The test section is
water delivery system and the rotating heated copper block. Theated to the desired temperature by adjusting the temperature of
fluid delivery system is designed to deliver degassed and d electric blower that blows hot air over the cylindrical surface of
ionized water to the dispensing nozzle using gravitational hedfie copper block. The airflow is shielded from the heater surface
The fluid delivery system includes a degassed water pouch, a flé@ shown. A simple thermocouple probe is used to measure the
meter with attached regulator valve, and a dispensing nozzle. temperature by stopping the rotation and inserting the probe in a

Figure 6 shows the schematic of the stationary test section udile made in the copper block. Because of the large mass of the
in the present study. A copper block with a 10 mm dia cylindricaiopper block, the temperature does not change during the mea-
extension is used as the heated surface. It is heated with the garement. The copper surface is made level and true to the rota-
tridge heater as shown. The top surface of the copper blocktignal axis so that the distance between the needle and the heater
surface does not change as the motor turns the heater assembly.
The needle is positioned at a certain radial distance from the cen-
ter of rotation. This provides the necessary relative velocity as the

2k
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i g 4-0 mm_y|
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I 4.0mmf Ny T
i [— Thermocouple 1
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0 0.5 1 15 2 25
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Copper Block artridge Heater
Fig. 4 Liquid circulation inside a moving and evaporating
meniscus [27] Fig. 6 Stationary test section schematic
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Fig. 7 Rotating test section schematic Fig. 8 Stationary meniscus at 108°C

heater surface turns. By adjusting the voltage to the electric motgr,
the rotational speed of the heated copper block can be clos
controlled.

The images of the meniscus are obtained using a microsco
lens attached to two high-speed cameras that are both capabl
recording frame rates of up to 8000 fps. The cameras are mount
on tripods and are located at an angle of 90 deg apart from e . X ; :
other. Using two cameras, we can obtain the width and length b e0 overall error in velocity measurement is estimated to be
the meniscus. Under stable operating conditions, all water sup-SA" . . .
plied through the needle is evaporated: this provides accurate jnJ € accuracy of combined advancing contact line angle and

formation regarding the heat transfer rate from the evaporatiﬁ?ceding C.Onta%t angle mfeasurement iﬁ withih deg. The er‘r(k)]r h
meniscus under various operating conditions. ilf measuring the area of meniscus that is in contact with the

heated surface is estimated to te8%. The error in measuring
the heat flux is estimated to be11%.

measurement is withirt 2%. The temperature measurement

Is"accurate to within= 0.1°C. The rotational speed is measured by
fgibrating the speed versus supply voltage. This is done in the
Isjpn software using the time steps with an indicator located on
§ rotating copper block. The error in measuring the distance of

gniscus from the center of rotation is estimated to be 0.5 mm.

Experimental Uncertainties

The velocity of the rotating surface, the heater surface tempeli#é It
ture, and the flow rate of water are three major parameters in t sults
study. The flow rate of water is measured using a precision flow The advancing and receding contact angles and heat transfer

meter that is calibrated by actual measurement of flow usingresults for stationary and moving menisci are presented in this
chemical weighing scale ovea 5 min period. The accuracy of section. For the stationary meniscus, the contact angles are repre-
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Fig. 9 Plot of receding and advancing contact angles versus surface velocity
at 0.016 mL/min and surface temperature of 102.5°C
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Fig. 10 Plot of receding and advancing contact angles versus surface veloc-
ity at 0.016 mL /min and surface temperature of 105.5°C

sentative of the equilibrium contact angle. These are expectedcteases, a larger scatter is seen in the contact angles. The opera-
fall between the advancing and the receding contact angle valugsn became unstable at this temperature, with occasional menis-
Figure 8 shows a typical stationary meniscus at 8°C superheatus breakage. The large scatter in contact angles seen in Fig. 11
In the case of the rotating heater, the moving meniscus preseats caused by interface instabilities set in by the high evaporation
dynamic advancing and dynamic receding contact angles. Theat at the higher surface temperature of 108°C.
are measured from the images obtained with the high-speed cam¥he surface heat flux under the meniscus area is calculated
era. These images are transported into PRO-Engineering softwinoen the known water flow rate and the inlet temperature. Heat
program and then the respective angles are measured. transferred in this region goes into heating the water from the inlet
Figures 9—-11 show the plots of the advancing and receditgmperature to the saturation temperature of 100°C, and then
contact angles as a function of the relative surface velocity. Tlegaporating it into steam at atmospheric pressure.
water mass flow rate is at a constant value of 0.016 mL/min. TheThusq” is given by
surface temperatures are 102.5°C, 105.5°C, and 108°C, respec-
tively. The zero velocity point corresponds to the stationary me- ,_ [Mmh¢g+mC,(100°C-T;,)]
niscus. For the stationary meniscus, the contact angle is found to = A @
be almost independent of the wall superheat.
In Fig. 9 as the surface velocity increases, the advancing andvhereA is the footprint area of the meniscus.
receding contact angles are found to be almost constant. In Fig. 10°he inlet temperature of watéf;, is 20°C. The area for sta-
as the surface velocity increases, the receding contact angle trerary meniscus isrr?, and for the moving meniscus, the base
mains almost constant in the beginning but then decreases $orface area is calculated from the measured length, width, and
higher velocities. In Fig. 11, as the relative surface velocity irshape of the footprint of the meniscus base.
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Fig. 11 Plot of receding and advancing contact angles versus surface veloc-
ity at 0.016 mL /min and surface temperature of 108°C
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regions is expected to show a change in reflected light from the
s Needle copper surface. The top views of the receding interface shows a
sharp and clear edge of the meniscus with no changes in reflec-
tivity of light beyond it on the heater surface.
* Meniscus The meniscus base footprint is approximated as an ellipse with
a major diameter given by its length and a minor diameter given
& by the width. The meniscus base area is thus calculated by mea-
~._Rotating suring the length and width of the meniscus.
Copper Block The heat transfer results are presented in terms of the measured
heat flux as a function of surface velocity. Figures 14 and 15 show
this variation for two different heater surface temperatures. It can
be seen that there is a systematic dependence of heat flux on the
surface velocity and surface temperature. At lower velocities, the
heat flux is relatively insensitive to velocity. However, as the sur-
face velocity increases the heat flux increases almost linearly as
the transient conduction process becomes more efficient. Also, we
note that the amount of scatter in the data increases with an in-
crease in wall superheat, which is believed to be due to interface
instability.
As seen in Figs. 16 and 17, the meniscus length decreases when
f.relative surface velocity increases because of increased tran-
jent conduction from the wall and subsequently higher evapora-
ion rates.
Figure 18 shows the images of menisci for a constant surface
perature of 105.5°C and at a constant water mass flow rate of
16 mL/min with varying surface velocities. Note that the thin
region can be seen at the pointy edge in Figstal&nd
b). This thin film region disappears from Fig. (tB to 18e).
The present visualization scheme allows for a detection of menis-
cus thickness of 1-2m.

Fig. 12 Front view of moving meniscus

Figure 12 shows front view of the meniscus on the movin
heated surface. The meniscus base width is measured at the
tact line of the meniscus image and its reflection on the polish
copper surface.

The length of the meniscus is obtained from Fig. 13, whic
shows the side view. The edge of the meniscus is found to be v
clearly visible at both advancing and receding interfaces and
thin liquid films are observed. Presence of thin films in the conta

Comparision with Bubble Dynamics in Pool Boiling

In our experiments, for the relative surface velocity of 0.1 m/s
and with 8°C excess temperature, the experimentally obtained
heat flux value is about 150 kW/mThe heat flux values taken
from the boiling curve (e.g., Incropera[28]) for 110°C is
100 kwi/n?. Thus, the advancing and receding motion of the me-
niscus provides heat transfer rates that are higher than the nucleate
boiling values.

In the present experimental setup, the advancing and receding
interfaces are exposed to air. Although the high evaporation rate at
the receding interface is not expected to be affected by this, the
presence of air is expected to increase the evaporation rate from
the advancing interface due to the low partial pressure of water
vapor in the air. A mass transfer analysis is performed to estimate

Mirror Image of
Meniscus

Fig. 13 Side view of moving meniscus
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Fig. 14 Variation of heat flux with surface velocity at 0.016 mL  /min for heater
surface temperature of 102.5°C
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Fig. 15 Variation of heat flux with surface velocity at 0.016 mL /min for heater
surface temperature of 105.5°C

this evaporative heat transfer rate from the advancing interfac@onclusions
The heat loss from the advancing interface to the air is estimated . . S
to be less than 10% of the total heat transfer rate under the prese n e>_<per|mental mves_tlgatlon 1S conducted to study the char-
experimental conditions. In a pool boiling system, the heat trandcteristics of an evaporatlng meniscus on _asmo_oth heated surface.
fer rate from the advancing interface will be lower as the interfack® heat transfer characteristics are also investigated for both sta-
is exposed to saturated steam and not the air. This could be ondi@fary and moving menisci. The study provides an important in-
the reasons why the experimental heat transfer rates obtaine@ight on the role of transient conduction around a nucleating
the present work are higher than the pool boiling values. It Bubble in pool boiling. The following conclusions are drawn from
recommended that the surrounding air be replaced by a saturdtesl present study.

vapor environment in future experiments to accurately simulate . . . .
the pool boiling conditions. 1. For the stationary meniscus, the contact angle is almost in-

Another reason for the discrepancy between the heat fluxes fisipendent of the wall superheat in the range of parameters inves-
meniscus and pool boiling system is that the present experimeritgifted. It is seen to be almost constant at an angle of 26 deg for
system focuses only in the region bounded between the advanci@ionized water on polished copper surface.
and receding interfaces. In a boiling system, the actual liquid area2. In the case of a moving meniscus, as the surface velocity
contacting the heater surface would be quite different. increases, the receding contact angle is found to vary whereas the
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Fig. 16 Variation of meniscus length with surface velocity at 0.016 mL /min for
heater surface temperature of 102.5°C
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Fig. 17 Variation of meniscus length with surface velocity at 0.016 mL
heater surface temperature of 105.5°C
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Fig. 18 Meniscus length L for different surface velocities at
0.016 mL/min at heater surface temperature of 105.5°C

Journal of Heat Transfer

/min for

advancing contact angle is found to remain almost constant. How-
ever, at high wall superheat of 108°C the meniscus became un-
stable and considerable scatter was observed in the contact angle
measurements.

3. The heat flux at the meniscus footprint increases with the
relative velocity.

4. The advancing and receding motion of the meniscus pro-
vides heat transfer rates that are higher than the average values
during nucleate boiling.
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Nomenclature

A = area, M
¢, = specific heat of water at constant pressure, J/kg-°C
hi;; = latent heat of vaporization, J/kg
k = thermal conductivity, W/m-°C
L = distance between the advancing and receding fronts
along the heater surface, m
m = mass flow rate, kg/s
q" = heat flux, W/nf
r = radius of stationary meniscus base
T, = water supply temperature, °C

Tw, = initial water temperature at the inlet to the transient
conduction region, °C
Ts; = initial heater surface temperature at for the transient

conduction, same as the heater block temperature, °C
Tins,s-w= instantaneous temperature of the interface of two
semi-infinite medium, °C

Subscripts
i = initial
ins = instantaneous
s = solid
w = water

Greek Letters

a = thermal diffusivity, nf/s
p = density, kg/m
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