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Abstract

Bubble column humidifiers (BCHs) are frequently used for the humidification of air in various
water treatment applications. A potential but not yet profoundly investigated application of
such devices is the treatment of oily wastewater. To evaluate this application, the accumulation
of an oil-water emulsion using a BCH is experimentally analyzed. The amount of evaporating
water vapor can be evaluated by measuring the humidity ratio of the outlet air. However,
humidity measurements are difficult in close to saturated conditions, as the formation of liquid
droplets on the sensor impacts the measurement accuracy. We use a heating section after the
humidifier, such that no liquid droplets are formed on the sensor. This enables us a more
accurate humidity measurement. Two batch measurement runs are conducted with (1) tap
water and (2) an oil-water emulsion as the respective liquid phase. The humidity measurement
in high humidity conditions is highly accurate with an error margin of below 3 % and can be
used to predict the oil concentration of the remaining liquid during operation. The measured
humidity ratio corresponds with the removed amount of water vapor for both tap water and the
accumulation of an oil-water emulsion. Our measurements show that the residual water content
in the oil-water emulsion is below 4 %.

Keywords: Bubble column humidifier, Air humidification, Water treatment, Humidification-
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Nomenclature
Acronyms
BCH Bubble column humidifier
HDH Humidification-dehumidification
Physical Properties
ṁ Mass flow (kg/s)
Q̇ Heat flow (W)
ω Humidity ratio (−)
ε Effectiveness (−)
ϕ Relative humidity (%)
C Oil mass fraction (%)
h Liquid height (m)
m Mass (kg)
p Pressure (Pa)
T Temperature (◦C)

v Velocity (m/s)
Subscripts
0 Initial
a Air
b Bulk liquid
c Condensate
cw Cooling water
dh Dehumidifier
h Humidifier
hum Humidity sensor
i Inlet
max Maximum
o Outlet
surf Liquid surface
v Water vapor



Introduction

Humidification-dehumidification (HDH) is a desalination technology to address water scarcity
in arid and remote regions [1]. Its importance is ever-growing due to its benefits such as (1) a
low maintenance requirement, (2) the ability to use low-grade thermal energy and therefore re-
newable heat sources and (3) an insensitivity to various feed liquids [2, 3, 4]. This insensitivity
indicates the potential of HDH to also treat oily wastewater.
Different industrial processes generate oily wastewater as a byproduct. Vast amounts of oily
wastewater are generated in the petrochemical industry [5] and in the hull of ocean-going ves-
sels as bilge water [6]. Centrifugal or gravitational separation, membrane processes [7, 8], ul-
trafiltration [7, 9] or electrocoagulation [10, 11] are selected processes that are applied to treat
oily wastewater. Due to its unique advantages, HDH can also be a promising candidate for this
application [3]. This process imitates the natural water cycle and consists of the humidification
and subsequent dehumidification of a carrier gas, mostly air. For the humidification, different
humidifier designs have been tested and recommended, including spray towers, wetted-wall
towers and packed bed towers [12]. Additionally, bubble column humidifiers (BCHs) have of-
ten been proposed for HDH cycles. In comparison with conventional humidifiers, they provide
advantages, such as (1) high heat and mass transfer, (2) direct contact humidification and (3) a
low technological demand [12, 13].
Several studies have measured air conditions directly at the BCH outlet using different kinds
of hygrometers [14, 15, 16], measuring full or close to saturation of the air stream at the hu-
midifier outlet. However, measurements show that humidity sensors are consistently covered
with liquid droplets if installed directly at the humidifier outlet due to the high temperature and
relative humidities. Consequently, the sensor indicates full saturation of the air stream. We also
encountered this issue in a previous study [17], as did Katz et al. [18]. So far, it is inconclusive
whether the air at the outlet of a BCH is really in a saturated state.
We intend to overcome the described measurement issue with a novel configuration for measur-
ing humidity at the outlet of a BCH. The accumulation of an oil-water emulsion representing
oily wastewater will be investigated using this approach. We use our improved measurement
method to calculate the current oil concentration of the investigated oil-water emulsion during
accumulation. With this study, we intend to lay the foundation for treating oily wastewater with
the HDH process.

Methods and Materials

Experimental test setup
The HDH test setup used for our experiments is depicted in Fig. 1. We are using a complete
HDH cycle consisting of a humidifier, a dehumidifier and a heat source. This allows us to com-
pare the measured outlet humidity ratio ωhum to the corresponding liquid weight decrease ∆m
in the humidifier and the measured condensate production mc at the dehumidifier.
The BCH (1) consists of acrylic glass cylinders with an inner diameter of d = 0.14 m and
stainless steel parts. A plate fin heat exchanger (2) is used to dehumidify the air stream. A
floater-based sensor is used to continuously measure the change in liquid height and a mag-
netic stirrer is installed in the humidifier for continuous mixing of the emulsion. Measurements
on our setup show that phase separation of the emulsion occurs without using a magnetic stir-
rer. The liquid temperature Tb is measured by a resistance thermometer (3) and controlled by
heating cartridges. Inlet air is controlled by a mass flow controller and then dispersed into fine
bubbles in the sparger module. A sparger plate with an orifice diameter of d0 = 0.001 m is
installed in the sparger module. Air temperature is measured at the humidifier inlet Th,i (4), at
the humidifier outlet Th,o (5) and at the dehumidifier outlet Tdh,o (6) using resistance thermome-



ters. Furthermore, a heating line is installed after the humidifier outlet to prevent condensation
of the humid air stream. Thermal insulation is also applied to the BCH and all pipes before
the heating line to minimize heat loss to the environment. After this heating line, temperature
and relative humidity of the air are measured by a capacitive hygrometer (Thum, ϕhum) (7). In
a preliminary measurement run, this hygrometer is installed at the humidifier inlet to measure
the inlet conditions of the air stream. A separate cooling water cycle ensures the cooling of the
air stream in the dehumidifier, which leads to condensation of water vapor. The produced con-
densate is continuously collected and weighed by a digital scale. All relevant data are logged
in intervals of 30 seconds throughout the measurement periods.

Figure 1. a) HDH process scheme and b) photograph of the BCH without thermal insulation

The amount of water vapor carried out of the humidifier ṁv is calculated using Equ. 1, where
ṁa is the air mass flow and ωh,o and ωh,i are the air humidity ratio values at the humidifier outlet
and inlet, respectively.

ṁv = ṁa · (ωh,o − ωh,i) (1)

The humidity ratio of the air stream at the humidifier inlet is measured and is equal to
ωh,i = 0.2 gv/kga. As changes to this value are negligible during operation, it is assumed
to be constant for all measurements.
To estimate the air state after humidification in the BCH, relative humidities of the air at liquid
temperature Tb and humidifier outlet temperature Th,o are calculated for the reference measure-
ment run with tap water. For this, Equ. 2 is used, where ωhum is the measured air humidity
ratio at the sensor position, patm is the atmospheric pressure and ps is the saturation vapor pres-
sure, which is calculated for the respective temperatures using the Antoine equation. These
calculations give insight into the air state at the liquid surface.

ϕ =
ωhum · patm

(0.622 + ωhum) · ps(T )
(2)

with

ωhum = 0.622 · ϕhum · ps(Thum)

patm − ϕhum · ps(Thum)
(3)



Fig. 2 indicates the respective sensor positions and the relative humidities to be calculated.

Figure 2. Bubble column humidifier with sensor positions for calculations of the outlet air state

Parametric settings and preparation of emulsion
Tab. 1 lists the parametric settings for the two individual measurement runs, namely the liquid
temperature Tb, the superficial air velocity va and the initial liquid mass m0.

Table 1. Parametric settings

Liquid phase Tb va m0
◦C m/s g

Tap water 60 0.03 5217
Oil-water emulsion 70 0.02 4994.2

The oil-water emulsion is prepared in accordance with Tab. 2. Sodium Dodecylbenzenesul-
fonate (SDBS) is used as an emulsifier. Additionally, Rimagents-L is used as an anti-foaming
agent to prevent foam formation on top of the liquid surface. The batch run is conducted at an
initial oil mass concentration of about C = 55 %. It is attempted to reach an oil mass concen-
tration of 100 % by removing the entire water phase from the liquid mixture. For calculations
of the oil mass concentration, the emulsifier and anti-foaming agent amounts are neglected, as
they only make up around 0.5 % of the entire emulsion.

Table 2. Emulsion makeup

Constituent Name Amount
g

Industrial white oil Petro Canada Purity FG WO 35 2750
Tap water - 2206
Emulsifier SDBS 11
Anti-foaming agent Rimagents-L 27



Error Analysis

The installed sensors and instruments are listed in Tab. 3 with their range and accuracy.
As the respective instrumentation errors are relatively small, they are not visualized by error
bars in the respective figures. Error propagation is calculated for derived values where it is
applicable.

Table 3. Sensors, measurement ranges and uncertainties

Sensor type Measurement Range Uncertainty
PT1000 thermometer class B (3,4,5,6) 0− 100 ◦C ±[0.3 + 0.005 · T ] ◦C
PT1000 thermometer class AA (7) -40− 180 ◦C ±[0.1 + 0.0017 · T ] ◦C
Capacitive humidity sensor (7) 0− 100 %RH ±[1 + 0.007 · ϕ] %RH
Floater based liquid height sensor 0− 500 mm ±0.5 mm
Mass flow meter 0− 10 m3

stp/h ±0.01 m3
stp/h

Digital scale 0− 3100 g ±0.01 g

Results and Discussion

In Fig. 3 our results with tap water as the liquid phase are visualized. These include (a) system
temperatures, (b) calculated relative humidities, (c) liquid height and (d) amount of carried out
water vapor in dependence of time.

Figure 3. Tap water batch run; a) system temperatures, b) relative humidities, c) liquid height
and d) amount of carried out water vapor in dependence of time

The humidifier outlet temperature Th,o reaches a steady-state at a value slightly below the
liquid temperature Tb (see Fig. 3 (a)). This indicates a high heat transfer from the liquid
column to the air stream.
To reach the measured humidity ratio ωhum, the relative humidity of the air would need to
be slightly below 100 % and therefore almost completely saturated, if the air was at bulk



liquid temperature Tb and clearly above 100 %, therefore supersaturated and containing
liquid droplets, if the air was at humidifier outlet temperature Th,o (see Fig. 3 (b)). As the air
temperature at the liquid surface has to be between these two temperatures, it is concluded and
empirically shown that the air at the liquid surface is at 100 % relative humidity and therefore
saturated.
It is also evident that the decrease in liquid height is linear, once a steady-state value of carried
out water vapor ṁv is reached (see Fig. 3 (c)).
By integrating ṁv, the amount of water vapor carried out of the humidifier overall mv, can be
computed. This integration is visualized by the filled area (see Fig. 3 (d)). The amount of water
vapor carried out of the humidifier ṁv strongly increases at the beginning of the measurement,
as the HDH system is heating up. Once system temperatures reach a steady-state, the amount
of water vapor carried out of the humidifier stays constant as well. In steady-state, it is very
close to the maximum value ṁv,max, which corresponds to the air stream reaching liquid
temperature and saturation.
In Fig. 4 the results of the accumulation of an oil-water emulsion are visualized including (a)
system temperatures, (b) oil mass concentration, (c) liquid height and (d) amount of carried
out water vapor. The oil mass concentration C is derived from the integrated amount of carried
out water vapor.

Figure 4. Oil-water emulsion batch run; a) system temperatures, b) oil mass concentration, c)
liquid height and d) amount of carried out water vapor in dependence of time

According to Fig. 4 the humidifier outlet temperature Th,o is gradually reaching a steady state
and remains constant for the majority of the measurement duration. At approximately 5.5
hours, however, there is a drop in humidifier outlet temperature. This drop happens in accor-
dance with a drop in measured air humidity ratio ωhum at an oil mass concentration of approxi-
mately 97 % (see Fig. 4 (d)). The investigated temperature drop is an indicator for the drop in
humidity ratio as the humid air stream has a higher thermal mass and is therefore cooled to a
lower extent in comparison with a low humidity air stream.



Even though an anti-foaming agent is used to prevent the formation of too much foam, such
formation occurred for low oil mass concentrations. This formation affects the decrease in
liquid height. In the foaming area (see Fig. 4 (c)), the reduction in liquid height is partially
compensated by a reduction in foam volume. The reduction in liquid height reaches its maxi-
mum once there is no more occurring foam.
Finally, it can be seen that at some point, the liquid height is not reduced anymore and the mea-
sured humidity ratio at the humidifier outlet drops to the initial value. This can be explained by
Tab. 4, which lists the calculated amounts of water vapor carried out mv as well as the measured
reduction in liquid phase ∆m in the humidifier. The feed liquid is measured with a digital scale
at the beginning and the end of the measurement run to measure the liquid weight reduction
for tap water. For the oil-water emulsion, the initial amount of water is already known from
preparing the emulsion.

Table 4. Measurement results

Liquid phase ∆m mv mc

g g g
Tap water 1704 1633± 68 1411
Oil-water emulsion 2206 2167± 89 1944

The findings, according to Tab. 4 are summarized as follows:

• The humidity measurement has a very good accuracy: This is evident as the inte-
grated amount of water vapor carried out of the humidifier predicts the liquid weight
reduction with an accuracy of 4.1 % and 1.8 %, for tap water and the oil-water emulsion,
respectively.

• The produced condensate is lower than the amount of water vapor carried out of
the humidifier: A dehumidifier effectiveness lower than εdh = 1 leads to this behavior.
This indicates that HDH productivity is not suitable to characterize the humidification
unless dehumidifier losses are accounted for.

• Our calculations indicate that the residual water content in the oil-water emul-
sion is below 4 %: This is derived by the difference of the initial water content in the
emulsion and the integrated amount of extracted water vapor.

Selected probes are depicted for optical inspection in Fig. 5.

Figure 5. Liquid probes of a) the initial emulsion with visible phase separation, b) the produced
condensate and c) the accumulated and emulsified oil phase



The initial oil-water emulsion (a) shows a phase separation that is not occurring during opera-
tion due to the magnetic stirrer. The prepared emulsion is an oil-in-water emulsion, thus water
is the continuous phase. The produced condensate (b) is highly pure, still there are minimal
traces of oil visible on the surface. The final emulsion (c) is highly viscous after the removal of
almost the entire water phase.

Conclusion

Our new approach of measuring air humidity at the outlet of a BCH allows for measurements
of the humidity ratio at the humidifier outlet with an error margin of less than 5 %. The liquid
weight reduction in the humidifier is predicted for (1) a reference measurement run with tap
water and (2) the accumulation of an oil-water emulsion with equally good accuracy. System
calculations indicate that almost the entire water phase is removed from the oil-water emulsion.
Our results improve current methods for experimentally investigating humidification in bubble
columns and underline the potential of bubble columns for the treatment of oily wastewater.
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