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ABSTRACT
Experiments have been conducted to study the effect of mass flow rate on heat and mass
transfer coefficients in a packed bed. It has been observed that an increase in mass flow
rate of water increases the heat and mass transfer coefficients by 1.7–1.9 and 3.2–3.8
times, respectively, at 55–95 °C. The diffusion of oxygen from packed bed inlet water,
obtained from experimental data, can be used to estimate the mass transfer coefficients.
The theoretical equation available in literature is compared and satisfactory agreement
has been observed. The increase in inlet water temperature decreases both the heat and
mass transfer coefficients by 60% and 25%, respectively, because of the reduced driving
force. The increase in oxygen concentration in inlet water has no significant effect on
either heat or mass transfer coefficients.
Keywords: Packed bed; condensation heat transfer coefficients; diffusion mass transfer
coefficients; oxygen.
INTRODUCTION
Boiler feed water may contain significant amounts of dissolved oxygen, which causes
pitting and iron deposition. Packed beds are used to remove these dissolved and
corrosive gases from boiler makeup feed water. The makeup water and the condensate
are heated in the packed bed to remove oxygen before entry into the boiler, because
even small amounts of dissolved gas can cause significant corrosion (Satya Narayana,
Ramireddy, & Venkataramana, 2011; Syam Sundar, & Sharma, 2011). The high
temperature of boiler feed water, if left untreated, will increase further the corrosivity
due to dissolved oxygen. In the experimental packed bed, the incoming water falls on
the top of the bed. The length of the bed is 1.2 m and it is packed with 38-mm nominal
size pall rings made of nylon. The bed is engulfed with steam at a set pressure.
Experiments are conducted with different flow rates, pressures, and temperatures of
packed bed water.
Rabas, Inoue and Shimizu (1987) presented experimental data on mass transfer
coefficients of a counter-flow pall-ring packed bed. The authors have taken the data
from full-sized packed beds operating at desalination plants, and checked the mass
transfer performance of the two-inch pall-ring packing and spray nozzle distribution
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system. The effects of antifoam and the stripping steam flow rate on the effluent oxygen
concentration are not considered. Ferro, Ghiazza, Bosio and Costa (2002) observed that
oxygen concentration decreases with an increase in temperature of seawater at the inlet
of a packed bed. Costa, Ferro, Ghiazza and Bosio (2006) observed the performance of
oxygen stripping of a packed bed when the steam flow rate is low. They concluded the
maximum oxygen content in the outlet water to be 20–30 ppb, even in the absence of
steam. Studies of heat and mass transfer with non-condensable gas, such as oxygen,
being stripped from boiler feed water are quite limited. Hence, it is proposed to conduct
experiments to estimate the heat and mass transfer coefficients from a packed bed for
different mass flows rates and temperatures, and to assess its impact on oxygen
stripping from the boiler feed water.
FABRICATION OF THE EXPERIMENTAL SETUP
The experimental setup consists of a 0.15-m diameter column and a 1.2-m long packed
bed. A 200-liter feed water storage tank, a steam jacket on the deaerator water inlet pipe
for regulating its temperature, and a pump for circulating water are other accessories . In
the steam circuit, a pressure regulator and steam trap are connected to a buffer tank for
removal of water droplets after steam expansion in the pressure regulator. A water bath
of 25-liter capacity with a copper coil to regulate the temperature of the sample water to
0–40 ºC is connected to a dissolved oxygen (DO) meter and a condenser for increasing
the temperature of inlet water (Sharma, Suryanarayana, Sarma, Rahman, Noor, &
Kadirgama, 2010). A schematic diagram of the experimental setup is shown in Figure 1.
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Figure 1. Schematic diagram of packed bed experimental setup
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Estimation of Heat Transfer Coefficients
The energy balance equation for the packed bed can be estimated from the relation
QE  m C PL To  Ti 

(1)

The heat transfer coefficient is estimated using QE and the log-mean temperature
difference as the driving force in the packed bed.

h

QE
A TLN

(2)

Estimation of Mass Transfer Coefficients
The mass transfer is governed by the rate equation, which is given by
J A  k L, p x LN

(3)

where x LN is the log-mean concentration difference and is expressed as
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Rabas et al. (1987) have calculated the equilibrium concentration of oxygen in
water at the inlet and outlet of a packed bed using the following equations:
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Equations (4)–(6) are substituted in Eq. (3) to obtain an equation for mass transfer
coefficient as
*
V xi , P  x o , P
k L, p 
(7)
AC x LN
Another expression for the determination of the mass transfer coefficient has been given
by Costa et al. (2006):
NTU LM L'
k LC, P 
(8)
a AC L
xo*, P 

where NTU LM  ln

xi , P
xo , P

.

The mass transfer coefficients are evaluated using Eqs. (7) and (8), which are
applicable to packed beds.
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RESULTS AND DISCUSSION
The increase in mass flow rate of packed bed water increases the heat transfer
coefficients in the packed bed, as shown in Figure 2. The rate of increase is greater for
inlet water temperature of 55 °C compared with 95 °C owing to the higher temperature
potential between steam and water.

Figure 2. Effect of mass flow rate of packed bed water on condensation heat transfer
coefficient for two different inlet water temperatures.

Figure 3. Comparison of present data with that from Kuznetsov et al. (1993) with
porous systems and packing.
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The variation of the experimental Nusselt number with Reynolds number is shown
in Figure 3, together with the data from Kuznetsov et al. (1993), which was obtained for
upward gas-liquid flow in a tube filled with spheres. Experimental data with upward
steam and downward water flow is not available in the literature. The trend of the
present experimental data for different inlet water temperatures is satisfactory in
comparison. The condensation heat transfer coefficient has no significant influence on
inlet water oxygen concentration, as shown in Figure 4. The variation of condensation
heat transfer coefficient with packed bed pressure is shown in Figure 5. The
condensation heat transfer coefficient increases with an increase in packed bed pressure
at lower temperatures, and remains constant at higher temperatures. This is due to the
higher driving force between the steam and water.

Figure 4. Effect of pressure of packed bed on condensation heat transfer coefficient for
two different inlet water temperatures.
The increasing trends of mass transfer coefficient at different inlet water
temperatures are shown in Figure 6. The increase in mass flow rate of water is similar to
the increase in heat transfer coefficients, as can be seen from a comparison with
Figure 2. The mass transfer coefficient has no significant influence with packed bed
pressure, as shown in Figure 7. The mass transfer coefficient has no significant
influence on oxygen concentration of inlet water, as shown in Figure 8.
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Figure 5. Effect of oxygen concentration in inlet water on condensation heat transfer
coefficient for two different inlet water temperatures.

Figure 6. Effect of mass flow rate of packed bed water on mass transfer coefficient for
two different inlet water temperatures.
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Figure 7. Effect of pressure of packed bed on mass transfer coefficient for two different
inlet water temperatures.

Figure 8. Effect of oxygen concentration in inlet water on mass transfer coefficient for
two different inlet water temperatures.
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CONCLUSIONS
The following conclusions can be drawn from the present analysis:
a)

b)
c)

d)

e)
f)

The increase in mass flow rate of water in a packed bed increases the heat
transfer coefficients. The values of heat transfer coefficient are in the range of
100–500 W/m2K for the experimental range tested.
The increase in flow rate of water in a packed bed increases the mass transfer
coefficients.
The mass transfer coefficient in the packed bed estimated using the theoretical
equation of Costa et al. (2006) is in good agreement with the present
experimental values.
The increase in packed bed pressure increases both the heat and mass transfer
coefficients by 25% and 12%, respectively, at lower temperatures and remains
constant at higher temperatures.
The increase in inlet water temperature decreases both the heat and mass transfer
coefficients owing to a decrease in the driving force.
The increase in oxygen concentration of inlet water has no significant effect on
the heat and mass transfer coefficients
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NOMENCLATURE
a
packing area per unit volume, m 2 / m 3
surface area for heat transfer, m 2
A
area of cross section for packed bed, m 2
AC

CP
D
TF
TLN

specific heat, J kg K
diameter of the tank, m
temperature drop or flashing at packing inlet, 0.3–0.6 °C
log-mean temperature difference,
[(TS  Ti )  (TS  To )] ln[(TS  Ti ) (TS  To )]

h
HC

heat transfer coefficient, W / m 2 K
Henry’s law constant, N / m 2 / ppb
latent heat of condensation, J / kg

H fg

JA
molar flux of component A, kg  mol / m 2 s
k
thermal conductivity of water, W / mK
ratio of oxygen to nitrogen mass at packing inlet ( 1.75)
Ke
kL
mass transfer coefficient, m / s
length, m
L
'
superficial mass velocity of flowing liquid, kg / m 2 s
L
molecular weight, kg / kg  mol
M
m
mass flow rate of water, kg s
NTU Lm number of liquid phase transfer units for mass transfer
Nu
Nusselt number, hD k
heat transfer, W
Q
Re
Reynolds number, 4 m  D 
s
mass flow rate ratio of stripping steam to the inlet water
temperature, K
T
*
volumetric flow rate of water into the deaerator, m 3 s
V
x
mole fraction of O2 in water
*
equilibrium mole fraction of O2 in water
x
mole fraction of O2 in steam
y
V
velocity of liquid, m s


A

AV
E
i
L

N2
o
P

V
W

viscosity of water, kg m s
oxygen or non-condensable gas
average
energy balance
inlet
liquid
nitrogen
outlet
packed bed
water vapor
water
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