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Abstract

In this paper, experiments are performed to determine the convective mass transfer coefficient for evaporation in a horizontal rect-
angular duct with an aspect ratio of 14.5:1. In the test facility, a short pan of water forms the lower panel of a long duct where a hydro-
dynamically fully developed laminar or turbulent airflow passes over the surface of the water. The measured convective mass transfer
coefficients have uncertainties that are typically less than ±10% and are presented for Reynolds numbers (Re) between 570 and 8100,
Rayleigh numbers (Ra) between 6300 and 83,000, inverse Graetz numbers (Gz) between 0.003 and 0.04, and operating conditions factors
(H*) between �3.6 and �1.4. The measured convective mass transfer coefficients are found to increase as Re, Ra, Gz and H* increase and
these effects are included in the Sherwood number correlations presented in this paper, which summarize the experimental data.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The aim of this paper is to determine the convective
mass transfer coefficient in a rectangular duct at varying
Rayleigh and Reynolds numbers. The convective mass
transfer coefficient is an important parameter, since it is a
measure of the resistance to mass transfer between the fluid
flowing in a duct and the surface of the duct. The convec-
tive coefficient depends on the hydrodynamic, thermal and
concentration boundary layers and is an important param-
eter when studying moisture and contaminant transfer
between flowing air and porous media [1–4], as well as con-
densation and frosting in heat exchangers [5–7]. Despite its
importance, there are few experimental data available in
the literature on convective mass transfer coefficients for
ducts. In most cases, convective heat transfer coefficients
have been measured and the analogy between heat and
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mass transfer is used to determine the convective mass
transfer coefficient.

Chuck and Sparrow [8,9] performed an experiment
where a rectangular pan of water was set into the bottom
panel of a duct and turbulent air was passed through the
duct and over the surface of the water. The thermal condi-
tions of the air and water, and the evaporation rate were
measured. The height of water in the pan was varied and
two pan lengths of 12.5 and 27.9 cm were used. The con-
vective mass transfer coefficient was determined and a
correlation was developed for the Sherwood number,
which served as an extrapolation formula for larger lengths
of pans where L/Dh P 23.8 and L/h P 18 [8].

Prata and Sparrow [10] performed a similar experiment
as Chuck and Sparrow [8], using a cylindrical container.
The water level in the container was varied, and the resul-
tant effect was measured and reported in the form of a Sher-
wood number for Reynolds numbers between 7300 and
48,600. It was found that the maximum Sherwood number
occurred when the ratio of the step height of water from the
top of the container to the diameter of the container was
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Nomenclature

As area of evaporating surface (m2)
D inside diameter of circular duct (m)
DAB binary mass diffusion coefficient (m2/s)
Dh hydraulic diameter of rectangular duct (m)
g gravitational acceleration (m2/s)
Grm mass transfer Grashof number (RaD/Sc)
Gz Graetz number
H height of rectangular duct (m)
H* dimensionless operating condition factor that

represents the ratio of latent to sensible energy
differences between the air stream and the air
in equilibrium with the water surface

hfg enthalpy of vaporization (J/kg)
h average distance between the water surface and

top of pan (m)
hm convective mass transfer coefficient (m/s)
k thermal conductivity (W/m K)
L length of water pan (m)
l distance between the first and last static pressure

tap immediately upstream of the test section (m)
_mevap evaporation rate of water (kg/s)
_m mass flow rate of air (kg/s)
NuD Nusselt number (based on the hydraulic diame-

ter of the test section duct)
P duct perimeter (m)
p pressure (Pa)
Pr Prandtl number
psat saturated water vapour pressure (Pa)
Dp pressure drop across the orifice plate (Pa)
r2 correlation coefficient
RaD Rayleigh number (based on the hydraulic diam-

eter of the test section duct)
RaþD Rayleigh number (based on the definition given

by [15])
ReD Reynolds number (based on the hydraulic diam-

eter of the test section duct)
Reu Reynolds number (based on the hydraulic diam-

eter of the duct immediately upstream of the test
section)

RH relative humidity
RTD resistance temperature device
S* dimensionless parameter that represents the ra-

tio between mass and heat transfer
Sc Schmidt number
SEE standard error estimate of a curve fit
ShD Sherwood number (based on the hydraulic

diameter of the test section duct)

T temperature (K)
DT temperature difference between the surface of

the water and the air entering the test section
(K)

TMT transient moisture transfer
t time (h)
t Student t-value at a 95% confidence level
V velocity of air within the duct immediately

upstream of the test section (m/s)
Vmax maximum velocity of air within the duct imme-

diately upstream of the test section (m/s)
W width of duct (m)
DW humidity ratio difference between the surface of

the water and the air entering the test section
(kg/kg)

w width of water pan (m)
x horizontal distance along the flow direction of

the duct immediately upstream of the test sec-
tion (m)

X* a dimensionless coordinate parallel to flow
equivalent to Gz�1

y vertical distance from the bottom of the duct
that is immediately upstream of the test section
(m)

Greek symbols
c aspect ratio = W/H
q density (kg/m3)
l dynamic viscosity (Ns/m2)
Dqv log-mean water vapour density difference

(kg/m3)
�q mean mixture density of air (kg/m3)
/ relative humidity of the ambient air

Subscripts

1 bulk properties of air entering the test section
2 bulk properties of air leaving the test section
a dry air properties
f average properties in the boundary layer
g moist air property including dry air and water

vapour
i is an index where i = 1 at the inlet and i = 2 at

the outlet of the test section
1 average properties across the test section
s properties at the surface of the water
v water vapour
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0.5. The correlations of [8–10] accurately quantify mass
transfer for the turbulent flow regime, but many applica-
tions in building science and environmental engineering
have lower air velocities and therefore require mass transfer
coefficients for laminar or natural convection airflow.
Pauken [11] performed experiments by evaporating
heated water from a circular pan in a low speed wind tun-
nel. The evaporation boundary layer that resulted was a
combined turbulent forced and turbulent free convec-
tion boundary layer, where the forced convection was
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dominated by the air velocity and the free convection was a
result of the density difference between the air at the surface
of the water and the ambient air. It was found that 30% of
the evaporation rate was due to free convection when the
ratio of Grashof number over the Reynolds number
squared (Gr/Re2) was 0.1. This study and others [12–14],
demonstrate that natural convection is present in the evap-
oration boundary layer when the air speeds are low. These
effects cannot be neglected in many building science and
environmental problems such as moisture transfer between
indoor air and porous building materials.

To further investigate the onset of convective instability
for laminar forced convection in the thermal entrance
region of horizontal ducts, a numerical study was per-
formed by Lin et al. [15]. The top and two sidewalls of
the duct were adiabatic, while the bottom wall had a thin
heated water film with constant wall temperature and con-
centration. The temperature and concentration boundary
layers were developing throughout the length of the duct,
with a fully developed velocity profile set at the entrance
of the duct. The effect of free convection on the local ShD

was a result of combined thermal and mass diffusion effects
and was quantified with an effective Rayleigh number
(RaþDÞ. Results showed that an increase in RaþD resulted in
an increase in the local ShD. Free convection effects on
the local ShD were found to be insignificant when
RaþD < 1910 and RaþD < 1750 for aspect ratios (c) of 2 and
10, respectively.

Lyczkowski et al. [16] performed a numerical analysis
for fully developed laminar forced convection heat transfer
in rectangular ducts. The problem was solved for the cases
where there was insulation on no walls, one wall, two walls,
and three walls with various finite resistances on the
remaining walls. The local heat transfer coefficient was
determined in the thermal entrance and fully developed
regions for constant flux and constant temperature bound-
ary conditions. For the case of one wall at constant temper-
ature and c = 10, the fully developed Nusselt number was
within 4% of that in Shah and London [17].

The above literature review suggests that convective
mass transfer coefficients have been experimentally mea-
sured and correlated for turbulent flow through ducts,
but not for laminar flow through ducts. In addition, the
dependence of the convective mass transfer coefficient on
RaD when the temperature of the bottom surface of the
duct is below that of the airflow has not been reported.
Since little information is available at low air speeds, exper-
iments in this paper are predominantly conducted through-
out the laminar flow regime. Laminar flow results are
compared to the work of [15], to gain an understanding
of the effect of bottom wall temperature on the convective
mass transfer coefficient. The heat transfer results of [16]
and the analogy between heat and mass transfer are used
to further verify the present experimental results. Turbu-
lent flow is also investigated up to a ReD of 8100, so a direct
comparison to the work of [9] can be made. In the experi-
ments, the temperature and the relative humidity of the air
are also varied so the effect of RaD due to the temperature
and vapour density differences between the surface of the
water and the air stream on the convective mass transfer
coefficient can be quantified.

2. Experimental purpose

The purpose of the experiment is to measure the convec-
tive mass transfer coefficient between air flowing in a rect-
angular duct and a pan of water that forms the bottom
surface of the duct. The duct is part of a transient moisture
transfer (TMT) facility at the University of Saskatchewan,
which is designed to study heat and moisture transfer
between air and porous building materials [1,18,19]. The
convective mass transfer coefficient is an important param-
eter since it represents the resistance to mass transfer for a
particular geometry and is needed for different airflow rates
and air relative humidity conditions. There is no correla-
tion in the literature that exactly applies to this facility
since free convection effects are present and the airflow is
laminar, hydrodynamically fully developed and has ther-
mal and concentration boundary layers that are develop-
ing. In this paper, a correlation is developed specifically
for the TMT, but it also will allow other researchers to
more accurately quantify the mass transfer coefficients for
their test facilities that have similar airflow conditions
and duct geometry.

3. Experimental apparatus

The transient moisture transfer (TMT) facility is an
experimental apparatus that determines the transient heat
and moisture transport properties of porous materials.
The test section within the TMT is a horizontal rectangular
duct, where heat and mass transfer occurs at the bottom
wall surface. The facility passes air at varying velocities,
temperatures and relative humidities above the surface of
materials and measures the change in mass, relative humid-
ity, and temperature in the material as a function of time.
To fully document experimental results for the TMT, the
convective mass transfer coefficient of this facility is
required.

Mass transfer coefficients are usually determined from
experiments based on the adiabatic evaporation of a liquid
[20] and this method is applied in this paper. Since water
vapour transfer is the only form of mass transfer in the
TMT facility when experimenting on porous materials, dis-
tilled water is used as the evaporating liquid to ensure that
the same Schmidt number is present in both experiments.
The convective mass transfer coefficient is determined for
the horizontal rectangular duct by measuring: (1) the evap-
oration rate from a rectangular tray of water that is located
in the lower panel of the duct and (2) the vapour density
difference between the air stream and the surface of the
water. The vapour density of the air stream is determined
from the measured temperature and relative humidity of
the air stream and the vapour density at the surface of
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the water is determined from the measured temperature of
the water and the assumption that the air is saturated at the
surface of the water.

A side-view and an expanded top-view schematic of the
ducting upstream and downstream of the rectangular test
section are shown in Fig. 1(a) and (b). All of the rectangu-
lar ducting shown have a width (W) of 298 mm. A variable
speed vacuum pump supplies a hydrodynamically devel-
oped airflow at the entrance of the test section by means
of a developing section upstream of the test section
(Fig. 1(a)). First, the airflows through a 1100 mm long duct
500 mm765 mm890 mm

Downstream
    Section

Water Tray

(a)

(b)

(c)

(d)

Fig. 1. Schematics of the test facility showing (a) a side view and (b) a top view
view of the test section.
that has a constant cross sectional area, which has several
screens installed inside of it to aid in the straightening of
the airflow. The air then passes through a 995 mm long
converging section that has a convergence angle of 5� to
minimize the dynamic losses in the duct and aid in the
development of the flow. Following the converging section,
the air enters a 500 mm long (13.0 Dh) straight duct that
delivers the air to the test section. The air then passes
through the 765 mm (19.9 Dh) test section (close-up view
shown in Fig. 1(c)) and then through a 890 mm (23.2 Dh)
downstream section. The ducts immediately upstream
995 mm 1100 mm

Upstream Developing
            Section

 

 

of the ducting network as well as (c) a side view and (d) a cross-sectional
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and downstream of the test section have the same hydraulic
diameter as the test section when the evaporation pan is full
of water (i.e., h = 0 in Fig. 1(d)).

The straightening screens, the small convergence angle
(5�) and the 13.0 Dh duct immediately upstream of the test
section ensure that the flow is hydrodynamically fully
developed for turbulent flow in the duct [21], but the
hydrodynamic conditions must be determined experimen-
tally for laminar flow. To determine if the airflow is hydro-
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Fig. 2. Measurements of (a) the velocity profile at x/l = 0.82 and (b) the static
where x/l = 1 corresponds to the point where the upstream duct joins the test
dynamically developed before it enters the test section, the
velocity profile along the height of the duct and the static
pressure along the length of the duct immediately upstream
of the test section are measured (Fig. 2). Both methods
require pressure measurements, which are measured with
a pressure transducer. The transducer has a full-scale read-
ing of 0.20 in H20 (50 Pa), which corresponds to a 5 V out-
put. A pitot-static tube with a tube diameter of 3.06 mm
determines the velocity profile within the duct.
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pressure drop along the length of the duct just upstream of the test section,
section.
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Transverse velocity measurements over the duct cross-
section for laminar (Reu = 1700) and turbulent (Reu =
7700) flow at x/l = 0.82 are given in Fig. 2(a). The measure-
ments are quite uncertain because of the small dynamic
pressures (0.2–0.6 Pa for laminar flow and 4.2–7.1 Pa for
turbulent flow) and the difficulty in determining the exact
location of the pitot tube. Nevertheless, the velocity profile
for laminar flow forms a velocity profile that is similar to
(but broader than) the ideal parabolic Poiseuille velocity
profile that is characteristic of fully developed laminar
flow. For turbulent flow, the velocity profile has a broader
profile than the laminar case, which is characteristic of tur-
bulent flow.

To measure the static pressure profile upstream of the
test section, static pressure taps are installed along the
centre width of the duct immediately upstream of the test
section at intervals of 4 cm, and the pressure difference
between each tap and the tap furthest from the test section
(x/l = 0) is measured. Fig. 2(b) shows pressure data for a
Reu of 2000 and 4000. The static pressure drop varies
nearly linear with distance along the duct. The only excep-
tion is for 4 cm on either side of the mid point of the duct
where the pressure levels. This levelling in pressure is likely
due to a slight expansion of the duct near the mid point.
The static regain due to even a 1 mm (5%) expansion over
a 12 cm region at the mid point of the duct would over-
come the friction pressure drop and result in a constant sta-
tic pressure. The levelling of pressure from 0.4 6 x/l 6 0.65
may explain why the velocity profile (measured at x/l =
0.82 and presented in Fig. 2(a)) is slightly different than
the expected parabolic profile for fully developed laminar
flow in a rectangular duct.

After the levelling region, the pressure recovers since the
pressure drop is slightly larger than the pressure drop
before the levelling region. The pressure does not fully
recover, however, which indicates that the duct may be
slightly larger near the exit. Despite the levelling of the
pressure at the midpoint of the duct, the pressure drop
becomes linear with distance before the air enters the test
section (x/l = 1). Since the velocity profile is nearly para-
bolic (Fig. 2(a)) and the pressure drop is linear at the
entrance of the test section (Fig. 2(b)), it is concluded that
the airflow entering the test section is hydrodynamically
fully developed.

The side and top views of the test section within the
TMT facility are also shown in Fig. 1. A tray with a water
surface width (w) of 280 mm and a length (L) of 600 mm
forms the lower panel of the duct (height
(H) = 20.5 mm) in the test section. The air is delivered
to the test section from an environmental chamber that
controls the temperature and relative humidity of the air
upstream of the test section within ±0.1 �C and ±2%
RH respectively. The temperature and relative humidity
of the air is measured upstream and downstream of the
test section with humidity/temperature transmitters. The
transmitters’ temperature sensors (RTD) are calibrated
using a temperature calibrator and have a bias uncertainty
of ±0.1 �C. Calibration of the relative humidity is per-
formed using a humidity generator and a chilled mirror
as a transfer standard, which has a post calibration bias
uncertainty of ±1.0% RH. Since the air is mixed within
the environmental chamber and passes through over 2 m
of impermeable and adiabatic ducting before it reaches
the upstream sensor, the humidity and temperature profile
at the upstream sensor (and entering the test section) can
be assumed to be uniform. Therefore, the upstream sensor
measures the bulk mean relative humidity and temperature
of the air entering the test section. On the other hand, the
temperature and humidity profiles downstream of the test
section will not be uniform and the air must be mixed
to obtain the bulk mean properties. Mixing is especially
important when there are significant temperature and
humidity differences between the air entering the test sec-
tion and the air in contact with the surface of the water.
Mixing is accomplished with the use of a converging duct
that is located within the downstream section. The air is
mixed by converging the air from the original duct width
of 298 mm and height of 20.5 mm into a width of approx-
imately 25 mm and height of 15 mm.

The temperature of the water is measured with eight
T-Type thermocouples that are located approximately
2 mm below the surface of the water. The pan is divided
into eight imaginary, equally-sized square sections and
each thermocouple is placed into the centre of each section
(Fig. 1(b)). The temperature readings of the thermocouples
are within ±0.1 �C of one another and are averaged to
determine the mean surface water temperature. The tem-
perature of the surface of the water is used to determine
the average saturated vapour density above the surface of
the water [22]. These thermocouples are also calibrated
and have a bias uncertainty of ±0.1 �C.

Gravimetric load sensors are used to measure the mass
of water that evaporates from the water during the exper-
iment. Four load sensors located at each corner of the tray
give a total load capacity of 8 kg with a bias uncertainty of
±2 g. This uncertainty is determined by in situ calibration
with calibration masses.

The test section and the ducting connected to it are insu-
lated to minimize any heat transfer with the ambient envi-
ronment. The top cover above the water pan, which creates
the top surface of the test section, is made from 5.08 cm
thick polystyrene foam insulation. It is sealed with alumi-
num foil tape along its edges to ensure there is no leakage
of ambient air into or out of the test section during testing.
The top cover is also lined with aluminum foil tape to pre-
vent absorption of water vapour, and to reduce the radia-
tive heat transfer between the top cover and the surface of
the water. All the ductwork between the upstream and
downstream humidity sensors is lined on the inside with
foil tape to prevent the absorption of water vapour. There-
fore, any change in humidity and temperature between the
upstream and downstream sensors will be due to moisture
and heat transfer between the free water surface and the air
stream.
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Located further downstream of the test section is a rect-
angular to circular transition section that has a circular
duct (D = 72.5 mm) connected to it (not shown in schemat-
ics). The circular duct contains a tapered orifice plate that
is located 32D downstream of the transition section, and is
used to measure the mass flow rate of air within the duct.
15 mm and 30 mm tapered orifice plates are used for the
laminar and turbulent flow regimes respectively. The pres-
sure differential across the orifice plate is measured with an
electronic pressure transducer with a full-scale reading of 5
in H2O (1244 Pa) that has a bias uncertainty of ±0.05 in
H2O (12 Pa). The calculation of the mass flow rate using
ISO 5167-1 [23] for orifice plates with D and D/2 pressure
tappings could not be accurately determined, since the
standard was not developed for laminar flow at the orifice
plate. Therefore, a separate apparatus is constructed in
order to calibrate the 15 mm orifice plate for laminar flow.

The apparatus constructed to calibrate the orifice plate
consists of two mass flow controllers with a bias uncer-
tainty of ±0.043 g/s each, and circular ducting with the
same diameter as the ducting in the TMT facility.
Upstream of the orifice plate, ducting with the same length
as in the TMT (2.29 m or 32D) and a longer length (4.58 m
or 63D) are used to determine if there are any flow devel-
opment effects since the airflow may not be fully developed
at the orifice plate within the TMT. A downstream length
of 0.90 m (12D) is used, since this is the same length in
the TMT. Fig. 3 shows the calibration curve for the
15 mm orifice plate, with the two different lengths of
upstream pipe. It was found that the length of the upstream
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Fig. 3. Calibration data for the 15 mm orifice plate compared to ISO 1567-1 19
The bias uncertainty in the calibration data is approximately the size of data
section did not produce any appreciable effects. From cal-
ibration, the orifice plate produced a 9% increase in mass
flow rate, compared to the ISO standard for turbulent flow
[23]. From calibration, the mass flow rate equation deter-
mined from the measured pressure drop in the experiment
for the 15 mm orifice plate is

_m ¼ 0:00017Dp0:5 ð1Þ
and has a bias uncertainty of ±3%.

To improve the accuracy in the turbulent flow regime,
the 30 mm orifice plate is also calibrated. The resulting cal-
ibration equation is

_m ¼ 0:00069Dp0:5 ð2Þ

and has a bias uncertainty of ±2%.
When performing the main experiment to measure the

convective mass transfer coefficient, a range of test condi-
tions are used, but each experimental trial is carried out
with constant upstream air properties: temperature, rela-
tive humidity and mass flow rate. The temperature of the
air upstream of the test section is typically 23 �C, but three
tests are performed with an air temperature of 37 �C. The
tests cover a range of air relative humidities from 15% to
80%, and ReD through the test section from 570 to 8100.
Measurements of all temperature, relative humidity and
pressure readings are recorded every 5 min and the mass
change of water in the pan is recorded every 20 min by a
computer controlled data acquisition system. All measure-
ment data are an average of 100 measurements taken over
0.1 s intervals at the measured time.
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91 [23] for three trials with different upstream development section lengths.
points on the graph.
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4. Data reduction and uncertainty

The main objective of the data reduction is to calculate
the independent parameters, Reynolds and Rayleigh num-
bers and a non-dimensional development length as well as
the dependent parameter, Sherwood number (ShD), from
the experimental data. The 95% confidence intervals
for the calculated independent and dependent parameters
are determined according to [24], which include both bias
and precision uncertainty.
4.1. Reynolds number

The Reynolds number for the experiment is based on the
hydraulic diameter of the test section. The cross-section of
the test section is shown in Fig. 1(d). The Reynolds number
is given as

ReD ¼
4 _m
lfP

; ð3Þ

where P is the perimeter of the test section duct,

P ¼ 2ðW þ H þ hÞ; ð4Þ

and _m is the mass flow rate of air. lf is the viscosity of dry
air because humidity has a small effect (less than 0.3%) for
the conditions in this paper [8,10,25]. lf is determined with
the Power Law [26] at film temperature (Tf)

T f ¼
T s þ T 1þT 2

2

2
: ð5Þ

The duct perimeter will vary depending on the average
change in height (h) between the top of the pan and the sur-
face of the water during an experimental trial. During most
trials, the average change in the water height from the full
state is 0.5 mm. This change in height results in a 0.2% in-
crease in the perimeter compared to the full state, which
has negligible effect on ReD during an experimental trial,
but is included for completeness. The uncertainty in ReD

for the air flow in the experiment is ±4%, which is mainly
due to the uncertainty in the mass flow rate of the air.
4.2. Rayleigh number

Temperature and concentration differences exist be-
tween the surface of the water and the bulk airflow. The
evaporation process causes the vapour concentration to
be highest and the temperature to be lowest at the surface
of the water. The resulting density difference between the
air–water vapour mixture at the surface of the water and
in the bulk air stream results in natural convection, which
can be quantified with a Rayleigh number (RaD) defined as

RaD ¼
½g�qgðqg;s � qg;1ÞD3

h

l2
f

" #
Sc; ð6Þ
where Dh is the average hydraulic diameter of the test sec-
tion during the test, which varies depending on the average
change in height (h) of water during an experimental trail:

Dh ¼
4ðWH þ whÞ

2ðW þ H þ hÞ : ð7Þ

The uncertainty in Dh for this experiment is ±2%. It should
be noted that the change in height (h = 0.5 mm) accounts
for a 2% increase in the hydraulic diameter compared to
that of the full state. The density of moist air at the surface
of the water (qg,s) is based on the sum of the partial densi-
ties of water vapour and dry air at the surface of the water

qg;s ¼ qv;s þ qa;s: ð8Þ

The partial pressure of water vapour at the surface of the
water (pv,s) is calculated using psychrometrics [22], where

pv;s ¼ psatðT sÞ: ð9Þ

The partial pressure of air at the surface of the water (pa,s)
is calculated assuming that the total pressure (pg) is
constant,

pa;s ¼ pg � pv;s: ð10Þ

The total pressure is measured in the laboratory with a
mercury barometer during each experimental trial. The
ideal gas law is used to determine qv,s and qa,s at Ts. The
density of moist air in the ambient (qg,1) is a measure of
the average of the inlet and outlet densities,

qg;1 ¼
qg;1 þ qg;2

2
: ð11Þ

With the use of the ideal gas law and the measurements of
the relative humidity and dry bulb temperatures upstream
and downstream of the test section, the water vapour and
dry air densities are determined at these two locations.
The partial pressure of water vapour is determined by:

pv;i ¼ /ipsatðT iÞ; ð12Þ
pa;i ¼ pg � pv;i; ð13Þ

where i = 1 at the inlet and i = 2 at the outlet of the test
section. The mean mixture density of air in the boundary
layer (�qgÞ is

�qg ¼
qg;s þ qg;1

2
: ð14Þ

The bias uncertainty in RaD is ±8%, which is mainly due to
the uncertainty in Dh.
4.3. Inverse Graetz number

A dimensionless axial distance (X*) in the flow direction
for the entrance region is typically specified as the inverse
of the Graetz number (Gz). For mass transfer,

X � ¼ L
DhReDSc

¼ 1

Gz
: ð15Þ
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The concentration boundary layer is considered to be
developing for X* < 0.05, and in this paper the maximum
value of X* is 0.04. The bias uncertainty in X* is ±5%.
4.4. Sherwood number

The Sherwood numbers (ShD) are based on the hydrau-
lic diameter of the test section (Eq. (7)) and are determined
from the measured data.

ShD ¼
hmDh

DAB

; ð16Þ

where the convective mass transfer coefficient (hm) depends
on the measured evaporation rate of water ( _mevap), the sur-
face area of the pan (As = wL), and the log mean vapour
density difference (Dqv) between the bulk air and the sur-
face of the water.

hm ¼
_mevap

AsDqv

ð17Þ

Dqv ¼
ðqv;s � qv;2Þ � ðqv;s � qv;1Þ

ln½ðqv;s � qv;2Þ=ðqv;s � qv;1Þ�
: ð18Þ

The binary diffusion coefficient (DAB) for water vapour in
air depends on Tf and pg and is calculated from [22]. The
95% confidence intervals for ShD are strongly dependent
on the log mean density difference between the air and
the water (Dqv), and the evaporation rate ( _mevap). For the
range of test conditions in this paper, _mevap and Dqv have
bias uncertainties in the range of ±1% to ±5% and ±2%
to ±8%, respectively, resulting in bias uncertainties in
ShD of ±3% to ±9%.
4.5. Mass and energy balances across the test section

In any experiment, it is important to verify that mass
and energy are conserved. Applying the basic principles
of conservation of mass and energy over a control volume
can help determine how well the experiment is setup to
measure heat and mass transfer, and identify bias errors
in the experiment. It is important that mass and energy bal-
ances are satisfied within experimental uncertainties. If the
mass and energy balances are not satisfied within the exper-
imental uncertainties, systematic errors exists within the
experiment, such as heat and mass transfer with the ambi-
ent environment or improper setup of the experiment and
instruments, or the measurement uncertainties have been
underestimated.

As noted previously, it is essential to mix the air leaving
the test section to accurately measure the bulk relative
humidity and temperature. In the experiment, the evapora-
tion of water from the tray is measured using load sensors
and the change in humidity of the air stream is measured
with humidity sensors. By comparing the evaporation mea-
sured with the load sensors to the moisture gained by the
air as it travels through the test section, as measured by
the humidity sensors, the adequacy of the mixing section
downstream of the test section (Fig. 1(b)) can be deter-
mined. The mass balance is satisfied within the experimen-
tal uncertainties for all tests when the mixing section is used
and when the humidity of the air entering the test section
(/1) exceeds 80% RH regardless of whether the mixing sec-
tion is used or not. When /1 > 80% RH, the water vapour
density difference between the surface of the water and the
airstream entering the test section is small and the down-
stream mixing section has a small effect on the results
because the vapour density is quite uniform in the bound-
ary layer. On the other hand, the mass balance is not satis-
fied within the experimental uncertainty when the mixing
section is not used and /1 < 80% RH. The bias uncertainty
in the evaporation rate determined using load sensors
(±1%–±5%) is as much as 10 times lower than the bias
uncertainty in the evaporation rate determined using the
measured humidity and temperature difference between
the inlet and outlet air streams. Therefore, the outlet con-
ditions can be accurately calculated by applying mass and
energy balances across the test section using the evapo-
ration rate measured by the load sensors. If the outlet
temperature and relative humidity conditions of the air-
stream are calculated in this way, ShD changes by less than
±4% compared to the case where ShD is determined using
the outlet conditions measured downstream of the mixing
section. This is within the experimental uncertainty and
verifies the energy and mass balances in the experiment.
A similar good agreement exists for the tests when
/1 > 80% RH with or without the mixing section. In the
tests where the mixing section is not used, ShD is as much
as ±16% different when using the calculated and measured
outlet air temperature and humidities. As this is outside the
95% confidence limits for this experiment, it indicates a
systematic error when the mixing section is not used.

About half of the tests were performed without the
mixing section and with /1 < 80% RH, resulting in mass
balances outside the experimental uncertainty. Instead of
rejecting these data, a ShD based on the calculated outlet
air conditions are used for these experiments. The bias
uncertainty associated with this calculation increases the
uncertainty in ShD by 1%–6% (depending on the vapour
density difference between the air and the water surface)
and is included in the reported uncertainty values.

A measure of the importance of the energy transport
through mass diffusion relative to that through thermal
diffusion is represented by S* [14,15], where

S� ¼
qgDABhfgDW

kgDT
: ð19Þ

S* is a result of simultaneous heat and mass transfer due to
the evaporation process, which varies throughout the
experiment depending on the conditions of the air entering
the test section. This dimensionless parameter is similar to
the dimensionless operating condition factor [27,28]

H � ¼ 2500
DW
DT

; ð20Þ



C.R. Iskra, C.J. Simonson / International Journal of Heat and Mass Transfer 50 (2007) 2376–2393 2385
where

DW ¼ W s � W 1 ð21Þ
DT ¼ T s � T 1; ð22Þ

and the coefficient (2500) has units of kg K/kg. H* accounts
for the coupling between heat and moisture transfer and
varies between �3.6 and �1.4 for the experimental condi-
tions in this paper. The differences between H* calculated
with Eq. (20) and S* calculated with Eq. (19) are less than
±0.3, and the small differences are mainly due to the
constant properties used in calculating the coefficient of
2500 kg K/kg in Eq. (20). Since H* is an important param-
eter when correlating the effectiveness of air-to-air energy
exchangers [27,29], it will be used in this paper as well to
correlate ShD and show the effect of operating conditions
on the convective mass transfer coefficient.
5. Results and discussion

The following section will present experimental data
from a laminar and turbulent test, showing the pre-test
transient period and the steady state period. These data will
show when steady state has been achieved, and will help
quantify the precision uncertainty of the experiment. Fol-
lowing this, a summary of the ShD data obtained during
the steady state period for a range of test conditions as well
as the correlations developed from these data are provided.
A comparison to data in the literature is also provided.
5.1. Transient data and precision uncertainty

A steady state energy balance results when the evapora-
tion of water reduces the temperature of the water to a
point where the heat transfer from the air to the water
equals the heat required to evaporate water from the
pan. Prior to this, the experiment is in a transient state as
shown in Figs. 4–6 for tests performed at a ReD of 1500
and 6000. Fig. 4 shows the temperature measurements of
air at the inlet and outlet of the test section as well as the
average temperature of the water surface. Fig. 4 shows that
at the beginning of the test, the water in the tray has an ini-
tial temperature of approximately 20 �C, and once the air-
flow passes through the test section, evaporation reduces
the temperature of the water and the air leaving the test
section. The water and air temperatures continue to
decrease until an equilibrium (or steady) state exists, where
the heat loss from the air equals the heat required to evap-
orate the water. Steady state is determined by selecting
(based on visual inspection) a period during the experiment
when all measurements are steady with time. In Fig. 4, the
time selected to reach steady state is greater for laminar
flow (15 h) than for turbulent flow (11 h). All individual
air temperature data points are within ±0.1 �C from the
mean and the water temperature data points are ±0.1�C
from the mean between 15 h and 21 h for laminar flow
and 11 h and 16 h for turbulent flow. In Fig. 5, the relative
humidity measurements are within ±0.2% RH during the
same time periods. Since the fluctuations of the measure-
ments shown in Figs. 4 and 5 are small during these time
periods, steady state is deemed to occur.

The mass of water that evaporates during the experimen-
tal period is shown in Fig. 6(a). The water height is level
with the top of the pan at a mass of approximately
7200 g, which is found by measuring the height (30 mm)
of the water in the centre of the pan. During the experiment,
water evaporates from the pan and is periodically filled dur-
ing the transient period to keep the pan as full as possible
during the steady state portion. The instantaneous changes
in mass in Fig. 6(a) at t � 3 h and t � 8 h are a result of the
pan being filled to make up for any evaporated water during
the test. The pan is slightly over filled (i.e., above 7200 g) to
decrease the number of times the pan has to be filled before
the steady state period begins. A linear curve fit is per-
formed on the data during the steady state periods to deter-
mine the average evaporation rate during this time. The
linear curve fits give a correlation coefficient (r2) of 0.997
for ReD = 1500 and 1.000 for ReD = 6000, suggesting that
the evaporation rate is constant during the steady state peri-
ods. The 95% precision uncertainty in the average value of
_mevap is ±0.4 g/h (±2.4%) for ReD = 1500 and ±0.5 g/h
(±1.1%) for ReD = 6000 during the steady state period.
Fig. 6(b) shows the average mass evaporation rate over
2 h time periods for the two experimental trials. For exam-
ple, for 1 h, data are averaged over hours 0 and 2. At first,
the evaporation rates are the greatest since the water tem-
peratures are the highest at the beginning of the trial, but
then decrease as the water temperatures reduce. During
the steady state period, the 95% precision uncertainty
(tSEE) in Fig. 6(b) is ±3 g/h (±17%) for ReD = 1500 and
±1.7 g/h (±4%) for ReD = 6000.

Fig. 6(c) presents ShD as a function of time during the
experiments by averaging the temperature, relative humid-
ity and mass measurements over 2 h periods. Here _mevap is
determined from Fig. 6(b) and therefore the profiles of
_mevap and ShD are relatively similar, especially after the
experiment has started to run for a few hours. If _mevap is
determined using the slope in Fig. 6(a), the results change
little and are not presented. During the steady state period,
the average ShD calculated from the 2 h averages in
Fig. 6(c) (i.e., based on Fig. 6(b)) is within ±1.5%
(ReD = 1500) and ±0.2% (ReD = 6000) of the average
ShD that is determined using the slope in Fig. 6(a). Since
the hourly ShD does not vary greatly over the steady state
time period, the experimental data are averaged over the
entire steady state time period, and one ShD is calculated
for each test condition. The evaporation rate is determined
using the slope (e.g., Fig. 6(a)) because it results in the
smallest precision uncertainty (±3%) in ShD.

The repeatability of the experiment is determined from
two different sets of data, one for turbulent flow, and one
for laminar, by comparing experimental trials with similar
test conditions. At a ReD = 1410 and 4300, ShD was repeat-
able within ±1.1% and ±2.4% respectively, when the relative
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humidity and temperature difference of the airflow entering
the test section between two trials are less than 3% RH and
0.1 �C. ShD compares well when similar operating condi-
tions exist, which shows the high repeatability of the exper-
iment and confirms the precision uncertainty of ±3% in ShD.

Steady state operating conditions are important since
they allow an averaged convective mass transfer coefficient
to be determined over the testing time period for a specific
set of relative humidity, temperature and mass flowrate
conditions of the upstream airflow. The test procedure
allows steady state conditions to be achieved by operating
the experiment until the temperature and relative humidity
of the air and the water temperature are viewed to be con-
stant. The water that evaporates from the pan during this
time period is replaced until steady state conditions are
observed. After steady state conditions are reached, each
test is conducted for four to eight hours and the data
acquired are averaged over this time span.
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5.2. Steady state data

5.2.1. Laminar flow

The ShD is determined for laminar flow between a ReD

of 570 and 2100, which corresponds to a X* between
0.011 and 0.037, and a RaD of 6300 and 83,000
(0:003 < Grm=Re2

D < 0:2), and is presented in Fig. 7.
Fig. 7(a) shows a general trend of increasing ShD as ReD

increases (X* decreases), which is expected [30] since the
test section is not long enough for the temperature and
concentration boundary layers to become fully developed.
As ReD increases, the thermal and concentration boundary
layers become thinner and less developed over the surface
of the water. A thinner boundary layer results in a larger
concentration gradient at the surface of the water, which
contributes to an increase in forced convection mass trans-
fer at the surface of the water.

Fig. 7(a) also shows that there is a large variation in ShD

and the uncertainty in ShD for a given X*. The values of
ShD range from 4 to 8 and the total uncertainties in ShD
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range from ±3% to ±13% with only 6 (out of 35) values
exceeding ±10%. This scatter is a result of each data point
having a unique RaD associated with it. Since the tempera-
ture of the water is not controlled during the experiments,
but is dependent on the phase change rate, RaD cannot be
precisely controlled from one experimental trial to the
other. To determine if ShD is dependent on RaD,
Fig. 7(b) shows four curve fits to data over a small range
of RaD. The data for a range of RaD are within ±10% of
the average RaD for that range.
The data in Fig. 7(b) show that as RaD increases, ShD

increases and the uncertainty in ShD decreases. In this
experiment, the density of the moist air at the surface of
the water is always larger than that of the bulk airflow,
since the water temperature is always less than the bulk air-
flow temperature, which causes a buoyancy-driven down-
flow of air towards the surface of the water [12]. Sparrow
et al. [12] found that this type of downward airflow
dominated the evaporation of water from circular pans
when the water temperature was less than the ambient air
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temperature. Other researchers have demonstrated the
importance of natural convection heat transfer for thermal
developing flow in rectangular ducts. Refs. [31,32] show the
secondary flow patterns that result as cooled air flows
down the wall and recirculates in the centre of the duct
or cavity. A similar flow pattern is expected in this experi-
ment, which may be enhanced by non-uniform conditions
in the experiment [32].

In this study, as the relative humidity of the air delivered
to the test section decreases for a constant X*, the temper-
ature at the surface of the water decreases. For the experi-
ments in this paper, the water temperature is 1–14 �C
colder than the bulk air temperature, depending on the rel-
ative humidity, temperature and ReD of the airflow. A
decrease in the relative humidity of the bulk airflow results
in an increase in the vapour concentration difference
between the bulk airflow and the surface of the water. Also,
a decrease in water temperature causes the moist air (air–
water vapour mixture) density difference between the bulk
airflow and that at the surface of the water to increase,
which results in an increase in RaD (Eq. (6)). The effect
of the air relative humidity and the temperature of water
suggests that evaporation is greater with dry air than with
humid air [13,14], due to the simultaneous increase in the
vapour concentration difference and RaD. The combined
effects of natural convection and the effectiveness of the rel-
ative humidity of the airflow on the evaporation process
influences the convective mass transfer coefficient and these
effects are represented well by RaD.

From the experimental data, it is found that ShD has a
dependence on X* and RaD. A curve fit to the data shown
in Fig. 7(a) results in

ShD ¼ 0:417
Ra0:124

D

X �0:334
; ð23Þ

where r2 = 0.90 and 95% of the experimental data fall with-
in ±10.0% of the correlated line.

As noted previously, the temperature and humidity of
the air entering the test section influences RaD as well as
S* (Eq. (19)) and H* (Eq. (20)). Therefore, the temperature
and humidity of the airflow cannot be neglected for simul-
taneous heat and moisture transfer. In fact, it is equally
possible to correlate ShD with H* (or S*). The correlation
that results is

ShD ¼
2:11

X �0:308jH �j0:371
; ð24Þ

which is valid over the experimental testing range of
�3.6 < H*< � 1.4, which corresponds to reduced mass
transfer because the thermal and moisture transfer (or
buoyancy forces) are in opposite directions [33]. Eq. (24)
fits the experimental data with an r2 of 0.89 and 95% of
the experimental data fall within ±9.4%.

In order to increase confidence in the experimental data
(Fig. 7) and correlation Eqs. (23) and (24), they are com-
pared with data in the literature in Fig. 8. Fig. 8(a) shows
a reasonable agreement between the numerical results of
Lin et al. [15] and the present work. However, ShD calcu-
lated by Lin et al. [15] is slightly larger than ShD measured
in this paper for the same value of RaD. The reason for the
higher ShD in [15] is that the numerical results were deter-
mined for evaporation from heated water rather than
cooled water as in the current experiment. Heated water
creates an upward natural convection airflow, which results
in a greater convective transfer coefficient than in the pres-
ent study which has a cooled water surface. This is well
known for free convection heat transfer from the top sur-
face of hot and cold horizontal plates [30] and therefore
Fig. 8(a) helps confirm the validity of the correlation devel-
oped in this paper (Eq. (23)).

Another useful comparison is to compare the measured
mass transfer coefficients with heat transfer coefficients
from the literature using the analogy between heat and
mass transfer with

ShD ¼ NuD
Sc
Pr

� �1=3

: ð25Þ

Eq. (25) is valid when mass transfer rates are low. When
mass transfer rates and the bulk fluid motion required to
overcome the diffusion of air to the water surface are high,
Eq. (25) needs to be corrected [34]. For the range of testing
conditions in this paper, the maximum correction of Eq.
(25) is 1% [34]. Since the correction is small, the experi-
ments are considered to be low mass transfer experiments
and Eq. (25) is used without any correction.

The study in the literature that most closely represents
the current experiment is a numerical study of laminar flow
forced convection heat transfer within a heated rectangular
duct [16]. The flow is hydrodynamically developed and
thermally developing, but natural convection is neglected.
To compare the results for one heated wall based on the
1/2 height of the duct, the Nusselt number in [16] must
be converted to a Nusselt number based on the hydraulic
diameter by multiplying the former by 4/(1 + 1/c).

A comparison between the predicted mass transfer
results of [16] and the present study are given in Fig. 8(b).
It is shown that the results of [16] are within the range of
measured Sherwood numbers, and compare well at the
upper range of Rayleigh numbers. This comparison shows
that the work of [16] predicts ShD within the range of exper-
iment results, but the effects of buoyancy (RaD) and the
relative strengths of heat and mass transfer due to the oper-
ating conditions (H*) are not accounted for. By neglecting
the effects of RaD or H*, the error in ShD can be up to
30%. This difference may be due to the fact that the analogy
between heat and mass transfer cannot account for the
operating conditions (H*) or systematic errors such as heat
transfer between the test section and the environment or
unsaturated air at the surface of the water.
5.2.2. Turbulent flow
Turbulent flow experiments are performed in order to

develop a relationship for ShD that includes both developing
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flow (X*) and buoyancy forces (RaD), and also to further ver-
ify the experiments by comparing to experiments in the liter-
ature [8,9], which are for turbulent flow. The turbulent flow
data of the present work cover a range of ReD between 3100
and 8100, and RaD between 20,900 and 46,000. The various
RaD are created by the air relative humidity between 15%
RH and 60% RH at a constant air temperature of 23 �C.
The results in Fig. 8(c) show that as RaD increases, ShD

increases. The contribution of natural convection compared
to that of forced convection is measured by Grm=Re2

D. This
ratio is approximately 20 times less than that for the laminar
flow experiments, which suggests that the contribution of
natural convection evaporation is smaller in the presence
of forced convection turbulent flow than in laminar flow.
Nevertheless, the effects of RaD exists and the experimental
data in the turbulent region are correlated with X* and
RaD, which results in

ShD ¼ 0:012
Ra0:311

D

X �0:725
; ð26Þ

where r2 = 0.98, and 95% of the data are within ±7.1% of
the correlated line.

If H* is correlated with the experimental results,

ShD ¼
0:382

X �0:719jH �j0:494
; ð27Þ

which is valid over a range of �2.1 < H* < �1.4. Eq. (27)
fits the experimental data with an r2 of 0.99, and 95% of
the experimental data are within ±3.5%. The curve fit of
Eq. (27) has better agreement than Eq. (26), which suggests
that for turbulent flow, the operating condition factor (H*)
may be a better fitting parameter than RaD.

Experimental data of [9] are shown in Fig. 8(c) for test
section lengths of 12.5 cm and 27.9 cm at a ReD of 7200
and 10,700. Since the data of [9] are for step heights (h)
ranging from 3.8 mm to 15.2 mm, the experimental results
of [9] are extrapolated to h = 0 mm for comparison to the
present work. Even though the average h in the present
work is 0.5 mm, there is no seen effect on ShD when neglect-
ing this small height drop in the pan of water. A linear
decreasing ShD with increasing X* for both studies confirms
that the concentration boundary layers within the ducts are
not fully developed. A linear curve fit of the data in [9] fits
well with the present work, especially for the larger range
of RaD (35,000–46,000). The testing conditions for the lar-
ger range of RaD occurs when 15% < /1 < 30%, and the
testing conditions of [9] are within this range.

6. Conclusions

Combined forced and natural convection evaporation
from a filled pan situated in the lower panel of a rectangu-
lar duct is investigated experimentally. Mass transfer mea-
surements are made for a hydrodynamically developed
airflow with developing concentration and thermal bound-
ary layers. The effects of forced convection evaporation is
investigated by varying the velocity of the air passing
through the duct in the laminar and turbulent flow regimes
between a ReD of 570 and 8100. The effect of the density
difference between the bulk flow and the air at the surface
of the water is determined for ReD between 6300 and
83,000. The convective mass transfer coefficient is depen-
dent on the strength of natural convection, as well the
temperature and humidity of the bulk airflow. The effect
of the temperature and humidity of the air stream can be
accounted for using the operating condition factor H* or
S*, which are a ratio of the heat and moisture transfer
potentials in the experiment. A correlation for ShD as a
function of X* and RaD is developed to account for the
effects of forced and natural convection as well as entrance
region effects on the evaporation process for laminar and
turbulent airflow. The correlation in the laminar flow
region is ShD ¼ 0:417Ra0:124

D =X �0:334 with a 95% confidence
limit of ±10.0%, and the correlation in the turbulent flow
regime is ShD ¼ 0:012Ra0:311

D =X �0:725, with a 95% confidence
limit of ±7.1%.

The experimental data in this paper compare favourably
to numerical and experimental data in the literature. These
comparisons show that the magnitude and direction of heat
and mass transfer affect ShD. ShD is always larger when the
surface of the duct is heated above that of the air, than
when it is cooled below the temperature of the air. There-
fore, this paper extends the literature for the case of a
cooled water surface. The comparisons also show that it
is possible to use NuD data from the literature together with
the analogy between heat and mass transfer to estimate
ShD. However, such an estimate can have errors as
large as 30% if the effects of the temperature and humid-
ity conditions of the air (H*) and the resulting RaD are
not accounted for. The turbulent flow experiments pre-
sented in this paper compare well with similar experi-
ments in the literature [8,9]. The experimental data in
this paper expand the data in the literature for different
operating conditions (H*), RaD as well as larger values
of X*.
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