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Abstract-An experimental study is performed to study the evaporative cooling of the falling liquid film 
through interfacial heat and mass transfer in a vertical channel. The measured wall temperature, heat and 
mass transfer rates are specifically presented for the systems with water film evaporation and ethanol film 
evaporation over wide ranges of liquid mass flow rate. channel width and liquid inlet temperature. The 
results show that the influences of the evaporative latent heat transfer on the cooling of the liquid film 
depend largely on the inlet liquid film temperature and liquid mass rate. Effective evaporative cooling 

results for a higher inlet liquid film temperature and a smaller liquid mass flow rate. 

I. INTRODUCTION 

MOMENTUM, solutal and thermal interactions between 
falling liquid films along vertical channel surfaces and 
gas/vapour streams are widely encountered in indus- 
trial applications. Windy-day evaporation and vapor- 
ization of mist and fog, distillation of a volatile com- 

ponent from a mixture with involatiles, the process 
of evaporative cooling for waste heat disposal, and 

cooling of a high temperature surface by coating it with 
phase-change material are just some prominent ex- 

amples of such processes in which mass transfer oper- 
ations are Accompanied by the transfer of heat. 

Heat transfer in buoyancy-driven channels flows 
has been studied in detail [l-4]. The effects of mass 
diffusion on natural convection heat transfer have 
been widely examined for external flows [5-81 and 
internal flows [9-l I]. As far as mixed convection is 
concerned, the influence of the wetted wall on laminar 
mixed convection heat transfer in a vertical channel 
was investigated in refs. [12-141. In refs. [IO-141, it 
was found that heat transfer on the gas side is domi- 
nated by the transport of latent heat in association 
with the evaporation of the liquid film. For forced 
convection heat and mass transfer, studies have been 
carried out for flows over a flat surface [15, 161 and a 
wedge [ 171 and for flows in a channel [ 181. 

The studies [lO-181 just reviewed above all focus on 
the heat and mass transfer in the gas/vapour stream 
but all neglect the liquid film thickness on the wall. 
The results thus produced are only good for the system 
with an extremely thin film. In practical situations, 
the liquid film on the wall is finite in thickness, and 
thereby the influences of the momentum and energy 
transport in the liquid film on the heat and mass 
transfer in the gas flow should be considered in the 
analysis. Recently, Suzuki et a/. [19], Baumann and 
Thiele [20] and Shembharkar and Pai [21] examined 

the effects of finite film thickness on the heat and mass 
transfer in forced convection flows. In their studies 
[19-211, the Nusselt type approximation was made to 
simplify the analysis of the liquid film. The results 
show that the liquid film can be used as a heat barrier 

to the hot gas stream [21]. Recently, the evaporation 
rates of water were measured by Haji and Chow [22] 
and the measured data agree well with the predicted 
results [15] if the heat loss from the water pan is 
accounted for. In addition, a steady, one-dimensional 
model of heat and mass transfer in a single-tube evap- 

orative cooler was formulated in ref. [23] and vali- 
dated experimentally. Conder et al. [24] studied the 
vaporization of a liquid film flowing orderly down the 
inside surface of a smooth tube into a countercurrent, 
laminar flow of gases. 

Despite the fact that the combined heat and mass 
transfer in natural convection between vertical par- 
allel plates with film evaporation is relatively impor- 
tant in engineering applications, it has not received 
much attention. The main objective of the present 
study is to perform an experimental study to examine 
the evaporative cooling of a falling liquid film through 
interfacial heat and mass transfer in a vertical channel. 

2. EXPERIMENTAL STUDY 

The experimental set-up for investigating the evap- 
orative cooling in a vertical channel is schematically 
shown in Fig. 1. The channel walls are made of stain- 
less steel SS304 plate sheets 1 m long, 30 cm wide, and 
1 mm thick. In order to support the test section and 
prevent the heat loss from the test section to the ambi- 
ent, low thermal conductivity balsa wood plates 1.5 
cm thick are glued on the outside surfaces of the steel 
plates. As indicated in Fig. 1, the liquid to be cooled 
falls down along the inside surfaces of the channel 
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NOMENCLATURE 

B liquid mass flow rate per unit periphery T* wall temperature 

length at inlet X coordinate in the flow direction. 

b half channel width 

CP specific heat Greek symbols 

h Q latent heat of evaporization 1. molecular thermal conductivity 

I channel length P density. 
I, 

YI average interfacial heat flux on gas side 

t thickness of the balsa wood Subscripts 

T temperature I condition at the gas-liquid interface 

T,, inlet liquid film temperature I liquid film 

T,, outlet liquid film temperature 0 ambient condition or inlet condition. 

@ : Electric Heoter 

Q : Pump 

@ : Flow Meter 

@ : Valve 

@ : Feed Tank 

8 : Test Section 

0 : Llquld Collector 

@ : Liquid Collector 

FIG. I. System of falling film fluid delivery. 

walls from the feed tanks. The liquid leaving the outlet 
of the channel (bottom end) is collected and pumped 
to the liquid reservoir. In the liquid reservoir the liquid 

is indirectly heated by a heating system. To accurately 
control the temperature of the liquid in the tank, an 
automatic feedback heating system which comprises 
a very sensitive Pt rod, a temperature controller and 
a power regulator is used. 

2.1. Meusurement of chunnel wall temperature 
Direct measurement of the velocity and tem- 

perature distributions in the liquid film and gas stream 
and the liquid film thickness will provide the detailed 
heat and mass transfer characteristics during the evap- 
orative cooling process. This is, however, still a very 
difficult task at the present time. Instead, a simple 
experiment is performed to illustrate the integral heat 
and mass transfer characteristics. Measurement of the 

plate temperature gives the liquid film temperature 

distribution since the temperature variation across the 
thin liquid film considered here is relatively small [25]. 

In addition, the total evaporation rate of the liquid 
film is obtained by an indirect method to be described 
in Section 2.2. 

The wall temperature along the test section is 

measured with the copper-constantan thermocouples 
(T-type). The arrangements of the thermocouples on 
the left channel wall are spaced 50 or 100 mm apart 

longitudinally. The first thermocouple is fixed 55 mm 

away from the top end while the last thermocouple is 
attached at the bottom end of the test section. At 
three axial locations along the vertical plate, three 
thermocouples are fixed across the spanwise section 
of the channel to check the circumferential uniformity 

of the wall temperature, that is, to indirectly check the 
spanwise uniformity of the liquid film thickness across 
the test section at every streamwise location. As for 
the right channel wall, the thermocouples are spaced 
100 mm apart in the streamwise direction. Prior to the 
installation the thermocouples are calibrated by the 

LAUDA compact low-temperature thermostats (type 
RKS 20-D) with a YEW digital thermometer (type 
2575). The overall accuracy of the thermocouples is 
believed to be well within 0.2%. 

Due to the heat loss from the insulation, the mea- 

sured wall temperature needs to be corrected. This is 
done by measuring the outer surface temperature of 
the insulation and by using the following equation to 
correct the measured wall temperature : 

where 7”, is the measured wall temperature, B the inlet 
liquid mass flow rate and q;bss the heat loss from the 
insulation. Notice that equation (1) is obtained by 
applying the energy balance to a control volume of 
the test section including the wall and the liquid film 
and by employing the lumped system analysis. 

To facilitate the analysis, the heat loss is estimated 
by assuming linear temperature variation through the 
insulation 
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where T,.,, is the outer surface temperature of the 
insulation, t the thickness of the insulation and A,,, the 
thermal conductivity of balsa wood which is evaluated 
from the equation [26] 

A,“, ” = -1.164x 10mhp2 

+7.108x 10~4p-0.02514 (Wm-‘Km’) (3) 

where p(kg mm ‘) is the density of the balsa wood. 
Because binary diffusion and heat transfer in a ver- 

tical channel with symmetric conditions are examined 
in the present study, the spanwise uniformity of the 
liquid film along the channel and the symmetries in 

the liquid film temperature and liquid mass flow rate 
at the right and left channel walls are important. To 
assess the uniformity of the liquid film along the chan- 
nel, three thermocouples are installed at three longi- 
tudinal locations spanwisely across the test section. 

To sustain the uniformity, the test sections are treated 

by rubbing the plate surfaces with emery paper in 
each experimental run to ensure the measured wall 
temperature differences among these locations at the 
same x being less than 0.2”C. Therefore, we have the 
confidence that the uniformity of the liquid film across 
the test section can be obtained. 

To get the symmetric conditions at the two channel 
walls, the symmetric system set-up with symmetric 
pipe lines is designed (see Fig. 1). In the experimental 
run, the maximum difference in the wall temperature 
at the same corresponding locations along the right 
and left walls is always less than 0.3 C. 

2.2. Mtwsuremmt of’ liquid fluw rute 
The liquid flow rates at the inlet and exit of the 

channel are measured by using Hsin Chuan variable 
area type flow indicators (M-type). These flowmeters 
are calibrated by measuring the flow output of the 
system over a specified interval of time at different 
float positions. Such measurement is carried out at 

several liquid temperatures so that the effect of prop- 
erty variations with temperature is taken into account. 

Flowmeter calibration curves are thereby determined 
for all flowmeters and fluids tested here-water and 
ethanol. With the liquid flow rates measured at the 
inlet and outlet, the total mass evaporation rate from 

the liquid film to the gas stream can be obtained. But 
during the experimental run, it was found that the 
amount of the mass evaporation is very small and is 
less than 4% of the inlet liquid mass flow rate B. 
This low value of mass evaporation rate is difficult to 
obtain accurately from the measured inlet and outlet 
liquid flow rates. Therefore, the results of the average 
mass evaporation rate are not presented here. 

3. RESULTS AND DISCUSSION 

In the present study, two different fluids are con- 
sidered for the liquid film-water and ethanol. Water 

Table 1. The ranges of the physical parameters 

Water Ethanol 

Inlet liquid tem- 40 - 60 27-40 
perature, T,,(’ C) 

Inlet liquid mass 
flow rate. 
B(kgm ’ s- ‘) 

0.03 - 0.06 0.01 - 0.04 

Relative humidity 
of ambient air. 

4(X, 

70 - 90 x0 - 90 

Ambient tem- 30-31 r,, = 31.5 Cas T,, = 4O’C 
perature, r,( C) r,, = 30’ c as r,, = 30 ‘C 

T,,=30,5CasT,,=27C 
Channel width, 

2&m) 

0.015 - 0.05 0.03 

Channel length, 

l(m) 

1.0 I.0 

is chosen as the test fluid because it is often en- 

countered in many applications, while high volatility 
is considered when choosing ethanol. The ranges of 
experimental conditions are listed in Table I. Note 
that in Table 1, the relative humidity at the ambient 
4 and ambient temperature T, are difficult to control 
at specified values during the experimental run. There- 
fore, the ranges of 4 and TO, listed in Table 1, are the 
ranges of all the experimental runs. The effect of 4 on 
the heat and mass transfer during the evaporative 

process is insignificant except when 4 is very small 
[lo]. To clearly present the results, this section is 
divided into two parts. One gives the water film evap- 
oration, while the other gives the ethanol film evap- 

oration. In the present study only the experimental 
results are reported here, since the detailed numerical 
analysis for the problem is available in refs. [25, 271. 

3.1. Water$lm evaporation 

The measured, axial developments of water film 
temperature at the insulated wall are presented in Fig. 
2 for a channel width 2b = 0.03 m at different inlet 

liquid mass flow rates and inlet liquid film tempera- 
tures. An overall inspection of Figs. 2(a) and (b) 

reveals that the film temperature at the channel wall 
decreases monotonically along the channel. This fea- 

ture can be made plausible by noting the fact that as 
the liquid film falls down along the channel surface, 
the high temperature water film evaporates. Mean- 
while, there is sensible heat transfer from the liquid to 
the gas flow because T, > TO. Therefore, the energy 
required to sustain the evaporative latent heat transfer 
at the interface and sensible heat transfer to the gas 
flow must come from the internal energy of the liquid, 
resulting in a reduction in the liquid film temperature. 
Also clearly seen in Fig. 2 is that the larger the liquid 
mass flow rate, the smaller the temperature drop. This 
is simply due to the larger total internal energy pos- 
sessed by the liquid film for a larger liquid mass flow 
rate (i.e. larger &AT,), which, in turn, results in a 
smaller temperature drop along the channel. 
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Comparing the corresponding curves in Figs. 2(a) 
and (b) indicates that larger temperature reduction is 
experienced for the system with a higher r,,. This 

results from the larger latent heat exchange associated 
with film vaporization together with the larger sensible 
heat exchange for the case with a higher q,. In separate 
experimental runs. it was also found that the larger 
the interplate separation (channel width), the larger 
the liquid temperature drop. This confirms the fact 

that in natural convection heat transfer the energy 
transfer is more effective for the case with larger Gras- 
hof numbers connected with the larger channel width. 
Note that the Grashof numbers for heat and mass 
transfer are proportional to hZ [IO. I I]. 

In the study of evaporative cooling, the total tem- 
perature dcprcssion of the liquid film from the inlet 
to the outlet is one of the most important quantities. 
Figure 3 shows the measured total temperature drops 
in the liquid film at different conditions. As mentioned 
earlier, larger liquid temperature drops are experi- 
enced for the systems with larger ‘& and h or smaller 
B. It is surprising to note that in Figs. 3(b) and (c) 
the temperature reduction for the case with r,, = 60 C 
and B = 0.03 kg m ’ s ’ can be as much as IO C. 
This result suggests that the ideas of cvaporativc 
cooling due to the latent heat cxchangc in connection 
with film evaporation can be applied to the waste 
heat disposal in nuclear power plants and many other 
industries. 

With the efrccts of r,,. h and B on the temperature 

12 I 1 I I I 

(a)Zb=O.OEm Water Film 
0 T,;=60°C 

.I 

AT,i=50”C 
aTfi=LO’C 

0 

c ib)Zb=O.O3m 

01 I I I I I I 
0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Mass Flow Rate B (kg/m.sec) 

FIG. 3. E&et of inlet liquid temperature and mass 110~ rate 
on the temperature drops. 

drop of the liquid film examined, attention is now 
turned to the effects of these physical parameters on 
the average interfacial heat flux on the gas side. Figure 
4 shows the results of the interfacial heat flux ?i against 
inlet liquid mass flow rate B. In this plot the average 

interfacial heat flux is estimated by the following 

equation : 

4; = Bc,,(T,, - T&/l. (4) 

The results show that larger y’/ is experienced for the 
case with a larger T,,. This is again due to the larger 
latent heat transfer for a higher r,,. Besides, these 
results also show that the magnitude of y; is as high 
as lo3 W m ‘. This value is approximately ten times 
the average heat transfer rate without film cvap- 
oration under r, = T,,. This says that, in the gas flow, 
the latent heat transport connected with film evap- 
oration predominates over the sensible heat exchange. 

It is more useful in applications if the experimental 

data for diffcreilt conditions can be collapsed into a 
single curve. Figure 5 shows the curve-fitting results 
of the average interfacial heat flux. The relation is 

q;=0.0113T~“*h”. (5) 

It is noted that the correlation for q’,’ is independent 
of the liquid mass flow rate B. This is readily under- 
stood if we check the results in Fig. 4, which show 
that the effect of B on y; is insignificant. 

3.2. Ethanol,film rcuporution 

Figure 6 shows the measured axial distributions of 
the liquid ethanol film temperature at the insulated 
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FIG. 4. Effects of inlet liquid temperature and mass flow rate 
on the average interfacial heat transfer rate. 

wall. The upper plot corresponds to the results for 
T,i = 40°C and T, = 31.5”C at different B while the 
lower plot is for T,i = T, = 30°C at different B. As the 
results shown in Fig. 2 for the water film evaporation, 
the insulated wall temperature decreases mono- 
tonically along the channel. The larger temperature 
depression along the channel is experienced for the 
case with a smaller B or higher T,,. It is worth noting 
that the outlet wall temperature for the case with 
T,, = 40°C and B = 0.01 kg m- ’ SK’ is below the 
ambient temperature. The total temperature drop of 
the liquid film is presented in Fig. 7 for different con- 
ditions. Like the results for the water film evaporation 
in Fig. 3, the higher the T,i, the larger the total tem- 
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FIG. 5. Correlation of z* b- ‘I3 against T,, for water film 
evaporation. 
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FIG. 6. Axial distributions of wall temperature along the 
channel. 

perature drop. This is due to more effective evap- 
orative cooling for the case with a higher T,,. In 
addition, the larger temperature depression is also 
found for the case with a smaller liquid mass flow 
rate. 

Figure 8 displays the results of the average inter- 
facial heat flux for different conditions. It is clearly 
found in Fig. 8 that larger z results for the case with 
a larger B. This results from the larger interfacial 
liquid film temperature for the case with larger B, 
which in turn causes a larger evaporative latent heat 
transfer. Moreover, larger 4: also results for the sys- 
tem with a higher T,,. Comparing Fig. 8 with Fig. 4 
indicates that the interfacial heat flux for the ethanol 
film is only slightly larger than that for the water 
film. This is simply due to the smaller latent heat of 
vaporization for ethanol. 

Moss Flow Rote B (kg/m.sec 1 
FIG. 7. Effects of inlet liquid temperature and mass flow rate 

on the temperature drops for ethanol film evaporation. 
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Frc;. 8. Effects of inlet temperature and mass flow rate on 
the average interfacial heat transfer rate for ethanol film 

evaporation. 

4. CONCLUSIONS 

The evaporative cooling of the liquid film through 

interfacial heat and mass transfer has been cxper- 
imentally studied. The effects of the system tempera- 
ture, channel width and inlet liquid mass flow rate on 

the heat and mass transfer characteristics are exam- 
incd in great detail. A brief summary of the major 

results is given below : 

(1) Heat transfer in the gas side is dominated by 

the transport of latent heat in association with the 
evaporation of the liquid film. 

(2) The influences of the evaporative latent heat 
transfer on the cooling of the liquid film depend 
largely on the inlet liquid film temperature T,, and 

inlet liquid mass flow rate B. Results show that the 
higher the r,, and the smaller the B, the larger the 
liquid film cooling. 

(3) In the ranges of the experimental conditions, 

the average interfacial heat transfer rate for water film 
evaporation can be correlated by one equation 

q;=0.01137;:‘S*h’ 1. (5) 
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REFROIDISSEMENT EVAPORATIF DUN FILM LIQUIDE PAR TRANSFERT 
INTERFACIAL DE CHALEUR ET DE MASSE DANS UN CANAL VERTICAL-I. ETUDE 

EXPERIMENTALE 

RBsumi-Une etude experimentale est conduite pour determiner le refroidissement evaporatif d’un film 
liquide par transfert interfacial de chaleur et de masse dans un canal vertical. La temperature parietale, les 
flux de chaleur et de masse sont present&s pour des systemes avec evaporation d’un film d’eau et evaporation 
d’un film d’tthanol dans des larges domaines de debit-masse, de largeur de canal et de temperature d’entrte 
du liquide. Les t&hats montrent que les influences de transfert par chaleur latente sur le refroidissement du 
film liquide dependent beaucoup de la temperature d’entrte du liquide et du debit-masse. Le refroidissement 

efficace correspond a une temperature d-entree elevee du film et a un faible debit-masse. 

VERDUNSTUNGSKUHLUNG AN DER 0BERFL;iCHE EINES FLthSIGKEITSFILMS IN 
EINEM SENKRECHTEN KANAL-I. EXPERIMENTELLE UNTERSUCHUNG 

Zusammenfassung-Es wird iiber eine experimentelle Untersuchung der Verdunstungskiihlung durch 
gekoppelten Wirme- und Stofftransport an der OberflHche eines fliissigen Rieselfilms in einem senkrechten 
Kanal berichtet. Fur Systeme mit Verdampfung an einem Wasserfilm und einem Athanolfilm werden 
MeDergebnisse fur die Wandtemperatur sowie fur den Warme- und Stoffstrom vorgestellt. Dies geschieht 
fiir weite Bereiche des Fliissigkeitsmassenstroms, der Kanalbreite und der Fliissigkeits-Eintrittstemperatur. 
Die Ergebnisse zeigen, daI3 die Einfliisse der Verdunstung auf die Abkiihlung des Fliissigkeitsfilms 
stark von der Film-Eintrittstemperatur und vom Fltissigkeitsmassenstrom abhangen. Giinstige Bedingungen 

bestehen bei hoher Eintrittstemperatur und kleinem Massenstrom. 

kiCI-IAPWTEJIbHOE OXJIAlKJJEHkiE lKkiAKOti l-IJlEHKM B BEPTUKAJIbHOM 
KAHASIE-I. 3KCI’IEPkiMEHTAJIbHOE kiCCJIE)JOBAHHE 

~OTPlpl~3KCnepeMeHTanbHO EiCUleAyeTCK HClIapl3TenbHW OXJlalKAeHAe lKHAK0t-i IUEHKH, CTeKBEO- 

II,‘% B EpT&UGUIbHOM KLUGUe. OTAWlbHO A,IK Cny%U HC,‘,a~HEfX BOAllHOii ILWHKH H AJM HCnapeHHR 

IIneHKU 3raHona ~PHBOAXT~~ 3KCIIepHMeHTUIbHO nonyqeaable 3HaSeHm TeMnepaTypbr CTeHKH w CKO- 

pocr~ Tenno- u MacconepeHoca mK mipoKnx wana30HoB H3MeHeHm MaccoBoro pacxona XKB~KOCTTH, 

UlHpHHbl KaHaJla H TeMnepaTypbl XBnKOCTH Ha BXOAa. Pe3yJlbTaTbI IIOKa3bIBaK)T, ‘iT0 BJlHIlHHe CKpbtTOfi 

TennoTbt napOO6pa30BaHWIHa oxna~eeaemmoii MeHK5icmbHo 3aBmHT 0TTehinepaTypbI IKHAKO~~ 

nnexiKu Ha Bxone B MaccoBoro pacxona mmocTsi. 3@eKTimmcTb HcnapwTenbHoro ox.nameHHn 

nonbmaeTcn npsf yBenHveHHH Ha'iaJIbHOii TehtnepaTypar XHnKOfi MeHKIi H yMeHbUleHEi&i h4accoBoro 


