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Condensation of H,O,—H,O—Air Exhaust Gas Through
Four In-Line Tube Bundles in a Heat Exchanger
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ABSTRACT

This study was aimed to investigate the condensation of hydrogen peroxide vapor (H,0,) and water
vapor (H,0) in exhaust gases, when flowing through a tube-type heat exchanger with four in-line tube bundles in a
cross-flow direction. It was investigated from a test-rig and compared with the results from the computation model
study in ANSYS Fluent software. The experimental results showed condensation rates inside the heat exchanger
increased with the increase in the cold water flow rate, or decreased in the cooling water temperature. In addition,
the maximum hydrogen peroxide concentration in the condensed liquid increased with increases in the cold water
flow rate and temperature. These findings described herein, on the condensation of hydrogen peroxide resulted in
decreasing concentration of hydrogen peroxide in exhaust gases. It may help to reduce the negatives impact on the
environment and human health. It may also can reduce the cost in the aseptic food process.
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Introduction

Today, the demand for hydrogen peroxide (H,O,) is increasing dramatically owing to the rapid
expansion of the aseptic food industry and other allied businesses. The demand for H,O, is forecasted to reach 4.67
million metric tons by 2017 [1]. In the aseptic food industry, concentrated (35% w/w) H,0, liquid is used in fill
pack ultra-high temperature (UHT) processes in order to increase the shelf life of packaged food [2]. The vapor,
which contains high concentrations of H,0,, is generated and fed continuously into the filling aseptic process
technology. Specifically, H,O, vapor is used to stop the growth of micro-organisms and sterilize food during the
filling and packing process in the aseptic zone. Subsequently, the exhaust gases with excessive amounts of H,0,
present in the vapor mixture leaves the aseptic zone and is discharged directly from the production area to the
environment outside of the packaging plant. While portions of the emitted H,0O, laden vapors, which have highly
oxidizing properties, will undergo decomposition reactions in the atmosphere, other portions can be deposited on
building roofs and walls, and nearby vegetation such as trees; this can be detrimental to these structures.
Moreover, the vapors may also impact the health of neighboring communities as exposures to H,0, may lead to
inflammation in the eyes, nose, throat, and lungs; such exposures can also cause skin irritation [3].

In order to reduce the impact of H,O, emissions into the environment and on human health, the
production process should be altered to reduce the H,O, concentration in the released exhaust gases. Such a
process would ideally involve the recovery of the H,0, and H,O in the vapor mixture from the exhaust gases,
where it could recycle and reuse in the production process. This would not only help to protect environmental
quality, but it would also significantly reduce the consumption of H,O,, during food processing, as well as the
maintenance costs for the scrubber system. On the basis of this idea, heat exchanger techniques can potentially be
used in the recovery process of exhaust gases comprised of two condensable species: hydrogen peroxide vapor
(H,0,), water vapor (H,0)

A literature review was performed and found that many researchers had studied heat transfer
condensation processes. They introduced a mathematical model in ANSYS CFD for non-condensable substances
and someone introduced one specie condensation [4-9]. Some other researcher studied heat transfer and
condensation of one condensable specie in tube bundle and heat exchanger [10-14]. The researchers have not yet
studied the condensation of H,O, mixture.

However, a two condensable species system would be complicated given that the two condensable
components would display different physical properties upon phase change. Furthermore, an exhaust gas system
containing three species, such as H,0,, H,O, and air, (i.e., two condensing species, namely, H,O, vapor and water
vapor, and non-condensable air), would be a significantly complicated system to work with as compared to the

single species condensation process investigated by previous researchers.
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Objective of this study

To investigate the effect of inlet temperature and flow rate of cold water on condensation of exhaust

gases with two condensing species (H,0 and H,0,) in a four in-line tube bundle heat exchanger.

Methodology

In this study, the condensation and concentration rates of mixing two condensable species were
investigated with the test section by taking two study cases to compare the results with the computation model
(species transport model, STM) study in ANSYS Fluent software. After that, we made the additional experiment
with the test section in order to get the condensation figures of the other cold water conditions. In each
experiment, it was fixed for the exhaust gas conditions (The mass percentage of the exhaust gas composition at the
inlet H,0,:H,0:air was 4.5%, 32.6%, and 62.9%, flow rate of 90 m3/h, temperature of 45°C and pressure of 1
atm.) and varied the cold water conditions (three different flow rates: 4 L/min, 7.5 L/min, 11 L/min and four

different temperatures: 10°C, 15°C, 20°C, 25°C and fixed pressure at 1.48 atm.).

Test section

The heat exchanger consists of four in-line tube bundles as shown in Figure 1 was designed asa 1.5 m
long horizontal square duct chamber with dimensions of 115 X 115 mm.” and it has an entry grill and baffle
plates; the exchanger was fabricated by using stainless steel material. The dimensions of the tubes are as follows:
outside diameter of the tube,18 mm; tube thickness, 1 mm; tubes lengths, 115 mm; transverse and longitudinal
pitch of the tubes, 25 mm. A total of 32 tubes were packed in one bundle and the tube material was stainless steel.
The baffle plate between each tube bundle plays a crucial role in regulating hot exhaust gas flow and improves
heat transfer between the hot exhaust gases and the cold water in the tube bundles. Cold water is supplied through
the inlet stainless steel pipe which has an outside diameter of 33.7 mm and a thickness of 2.6 mm.

This heat exchanger is equipped with a test section where the condensation takes place is shown in
Figure 2. The hot fluid, i.e., the H,0,—air vapor mixture, is supplied by the exhaust generator (No. 1) to the test
section through the inlet pipe. A suction blower (No. 5) is connected to the outlet chamber and sucks the vapor
through the outlet exhaust pipe (No. 6). The hot vapor then flows through the heat exchanger (No.2) which
consists of four bundle cooling in-line tube arrangement (No.3). The holes at the inlet and outlet positions of the
chamber provide access to tools that can measure the temperature, pressure, velocity, and concentration of the
fluids (No. 9). The cooling unit supplies cold water from a 57 L capacity water tank (No. 8). The pressure and
flow rate of the inlet cold water are controlled by a pump and a control valve (No. 11), respectively. Cold water is
supplied through the inlet stainless steel pipe (No. 10) through four bundled tubes arranged in series and returns
back to the water tank. Sensors (No. 12) are installed at the inlet and outlet pipes, and these measure the
temperature, pressure, and flow rate. The condensate liquid occurs at the cooling tube surface because of the heat

exchange during the cross flow, wherein the cold fluid takes out the heat from the hot fluid until the temperature is
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lower than the saturation temperature. It drops down from each tube bundle into the collection bottom tray (No. 4),
and then, it flows down to the collection tank (No. 7).

The exhaust gas was fed into the inlet at a velocity of 3.6 m/s. (calculated from the volumetric flow
rate of 90 m’/h based on the cross sectional area of the inlet pipe), a temperature of 45°C and an atmospheric
pressure of 1 atm. This exhaust gas consists of three components as follow: condensable hydrogen peroxide (4.5%
mass), condensable water vapor (32.6% mass), and non-condensable air (62.9% mass). The corresponding mass
flow rate of each species was H,O, vapor 4.17 kg/h, H,O vapor 20.12 kg/h, and air 56.50 kg/h, respectively. The inlet
pressure of cold water was 1.48 atm. Condensation and convection heat transfer were studied at the following four
different temperatures: 10°C, 15°C, 20°C, and 25°C; three discrete flow rates amounting to 4 L/min, 7.5 L/min,
and 11 L/min were also tested. Note that the test section has a cross-flow scheme wherein the cold water flows

perpendicular to the flow direction of the exhaust gas.

Computational model

Initially, the 3D geometry was created for the same dimension as heat exchanger used in the test
section. The design of this heat exchanger is shown the geometry and dimension in Figure 1. It consists of four
tube bundles (each in-line tube arrangement as shown in Figure 3). The fluid flow is the cross-flow arrangement,
the exhaust gases and water flow at right angles to each other.

In this study, the relatively simplicity of the species transport model (STM) is shown in the Figure 4,
for the simulation of the heat and mass transfer in the heat exchanger. H,O vapor and H,O, vapor in the exhaust
gases zone are condensed when it is in contact with the cold surface of the solid zone (tube wall). The
condensation occurs in the form of a smooth film, which flows down the surface under the action of the gravity.
The presence of a liquid film over the solid zone constitutes a thermal resistance to the heat flow. Exhaust gases
are represented by a mixture of three major species, H,0,, H,0, and air, with the air specie considered as a non-
condensable gas. Analytical modeling in this study was developed with the assumptions and simplifications as
follows: Steady state one dimensional flow, two phase flow (gas and liquid) for the exhaust gas side and one phase
flow for the cooling water side, film condensation only occurs on the tube wall surface, the thermal resistances due
to the film and tube wall are negligible, the heat exchanger is well-insulated so that heat loss to surroundings is
negligible and thus heat transfer from the hot fluid is equal to the heat taken out by cold water, no chemical
reactions, change in the kinetic and potential energies of fluid exhaust are negligible and fluid properties are
constant. The commercial code ANSYS FLUENT software was used to support simulation of the experiment.
Boundary conditions specify the flow and thermal variables on the boundaries of the physical domain (Figure 5)

shows the boundary condition utilized in this study.
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The governing equations for the continuity equation for the mixture [15] can be expressed as follows:

a -
a (pm) +Vv- (vam) =0 (1)
where p,,is the mixture density and ¥,,, is the mass-averaged velocity which can be defined as:
5 Yk=1 XPrVr
Up = ———— (2)
Pm

n
Pm = Z Ak Pk (3)
k=1
where ¢, is the volume fraction of phase £.

The momentum equation for the mixture can be obtained by summing the individual momentum equations for all

phases. It can be express as:

n

Z Ak Pk 17azr,k_f;dr,k.] €))

k=1

d , , S S Lz
E(vam) + 4V (pm¥p) = —Vp + V[.um(vvm + vaT)] +pmg+F+V:

Where 7 is number phases, Fisa body force, U,y is the viscosity of the mixture, and ﬁdr_kis the drift velocity for

secondary phase k. These viscosity and drift velocity can be defined as:
n

o = ) @t 5)
- k—>:1 -
Vark = Vk = Um (6)
Conservation of species is predicted by the local mass fraction of each species, Y;, through the solution of a
convection-diffusion equation for the it" species. This conservation equation takes the following form:
d . S
a(ﬁyi)‘FV'(PVYi)=—V']i+Ri+5i @)
where R; is the net rate of production of species i by chemical reaction, S; is the rate of creation by addition from

the dispersed phase plus any user-defined sources and fl is the diffusion flux of species i. The diffusion flux can be

written as:

- vT

Ji = =pDy, VY, — DT,iT 3
Here D, ; is the mass diffusion coefficient for species i in the mixture, and Dy ; is the thermal diffusion coefficient
for species i.

The energy equation for the mixture takes the following form:
d R > - o
- (PE) + V- (B(0F +p) = V- (AeffVT = i+ gy v)) + Sy ©
i

where A,¢f is the effective conductivity (4 + 4., where A, is the turbulent thermal conductivity, defined according
to the turbulence model being used). The terms (leffVT - i hji + (Tesr 13) represent energy transfer due to
conduction, species diffusion, and viscous dissipation, respectively. S, includes the heat of chemical reaction, and

any other volumetric heat sources. The total energy per unit mass can be defined as:
p v

E=h-_+3 (10)

where sensible enthalpy % is defined for compressible flows as

=D Vi (11)
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and for incompressible flow as

h= Z Yih +2 (12)
- p
the enthalpy of the component i described by the equation:
T
hi = f Cp'idT (13)
Tref

where Trf is 298.73 K and ¢, ; is the heat capacity of at constant pressure for species i in the mixture.

Results

Model validation study has been carried out by using the experimental data comparing with
computational results in two cases (Case A and Case B). Table 1 shows the comparison of the average values of
water exit temperature, exhaust gas exit temperature, and exhaust gas exit mass fraction of H,0 and H,0, obtained by
the experiment from the test section and the computational model (species transport model, STM). In both cases the
experiments showed the heat exchange figures that the exhaust gas exit temperature of case A reduced from 45 °C to
31.4 °C (decreased 13.6 °C) and case B reduced from 45 °C to 37.7 °C (decreased 7.3 °C). In the cold water side, the
exit temperature of case A increased from 10 °C to 20.8 °C (increased 10.8 °C) and case B increased from 25 °C to
32.6 °C (increased 7.6 °C). Condensation liquid of component H,O and H,O, were consistently measured comparing
with the exit mass fraction of these both components in the exhaust gas. Condensed liquid is mixed between
condensed H,O and condensed H,O, that case A is higher than case B. H,0, concentration in condensed liquid of case
A is lower than case B. It is the same trend of STM results. The results of the comparison in the table shown the
errors are within the ranges of -6.3 to 8.5%.

After passing the validation of the test section and computation model, we made the additional test
with the other conditions of four different inlet temperatures: 10°C, 15°C, 20°C, 25°C and three different flow
rates of cold water: 4 L/min, 7.5 L/min, 11 L/min. From this addition test, we got the different condensation
results of mixing species H,0 and H,O,. Figure 6 illustrates the condensation rate. The trend in the condensation
rate was consistent with the theory of heat and mass transfer, and it was aligned with the trends for the mass flux and
mass fraction of H,O and H,O,. The total condensation rate increased when the inlet cold water temperature was
decreased or the flow rate was increased. It makes the heat transfer rate increasing from the exhaust gas go to cold
water. This is because the interfacial temperature will be decreased which makes increasing of temperature difference
and concentration difference between the exhaust gas and the liquid film condensation. Therefore, convective heat
transfer rate of exhaust gases [hegA(Teg — Ting)] and convective mass transfer rate [kmhpg A(Yi = Yinf)] also
increase.

The condensation rate of both species H,O, and H,O at varying temperatures and flow rate of cold
water (Figure 7) were reduced when the cold water inlet temperature was increased and the flow rate was
decreased. Thus, higher condensation rates can be achieved by lowering the temperature or increasing the flow

rate of the cooling water. The maximum condensation rate of 6.39 kg/h was achieved with a cold water flow rate
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of 11 L/min at 10°C consists of H,0, 1.31 kg/h and H,O 5.08 kg/h while the minimum condensation rate of 2.78
kg/h was observed with cold water flow rate of 4 L/min at 25°C consisting of H,0, 0.65 kg/h and H,0 2.13 kg/h.
Therefore, we can calculate the percentage of H,0, condensation comparing with the inlet H,O, in the exhaust gas
that the maximum condensation is 31.4% and minimum is 15.6%

Mixing of condensed liquid H,0, and H,O in each experiment condition was measured the H,O,
concentrations (Figure 8). Again, the H,0, concentrations showed an increasing trend when the temperature and flow
rate of the cooling water increased. It is consistent with the increasing of condensation ratio between condensed H,O,
and condensed H,O. The maximum H,O, concentration in the condensed liquid was observed with a cold water
flow rate of 11 L/min at 25°C; the concentration was 33%. The minimum H,0, concentration was observed with a

cold water flow rate of 4 L/min at 10°C; the concentration was 16%.

Discussion and conclusions

On the basis of the data obtained from the test-rig and simulation model discussed in this work, the
following conclusions can be drawn.

1. The multi-species transport model has been developed for the simulation of condensing unit which
shows the results of a validation model comparing with experimental errors are within the ranges of -6.3 to 8.5%
which the STM agrees with the experimental data fairly well. This agreement is based on a review of published
literature resulted in the accuracy of simulation prediction compared to experimental results [16]. It is defined the
percentage bias (PBIAS) that they suggested two less stringent ratings of below 10% is “good” and below 20% is
“acceptable”.

2. This study demonstrates that concentrations of H,O, in the released exhaust gas can be reduced by
condensation process in a heat exchanger. Thus, this technology could help to reduce the impact of H,O,
emissions from food processing operations on the environment and human health. The dependency of the
condensation rate and concentration of condensate from the exhaust gas on the flow rates and temperatures of the
cold water were observed to be as follows:

2.1 The condensation rate of H,O, depends on the heat transfer rate which effected by flow rate and
inlet temperature of the cold water. The maximum H,0, condensation rate is 31.4% at cold water flow rate of 11
L/min at 10° while the minimum H,O, condensation rate is 15.6% was observed with a cold water flow rate of 4
L/min at 25°C. Therefore, this result suggests that a higher condensation rate is depended on cold water with high
flow rate and low a temperature.

2.2 The H,0, concentration rate is consistent with the condensation ratio between H,0, and H,O. The
maximum H,0, concentration rate in the condensed liquid was observed with cold water flow rate of 11 L/min at
25°C; the concentration was 33%. The minimum H,O, concentration rate was observed with cold water flow rate

of 4 L/min at 10°C; the concentration was 16%. More condensed H,O at lower flow rate and inlet temperature will
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be diluted H,O, concentration down. Therefore, this result suggests that higher concentration rate is depended on

cold water with high flow rate and high temperature.
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NOMENCLATURE

A surface area (m°)

Cp heat capacity at constant pressure (J/kg-K)
D mass diffusion coefficient (m?/s)
E total energy (J)

F force vector (N)

g gravitational acceleration (m/ $)
h enthalpy (J/kg)

hf g latent heat (J/kg)

7 diffusion flux (kg/m®)

kmn mass transfer coefficient (kg/s m’ mol)
p pressure (Pa)

St tube transversal pitch (m)

Sy tube longitudinal pitch (m)

t time (S )

T temperature (OC)

Y mass fraction (dimensionless)

y mole fraction (dimensionless)
Greek symbols

v overall velocity vector (m/s)

a volume fraction (dimensionless)
A thermal conductivity (W/m K)
u dynamic viscosity (kg/m-s)

p density (kg/mz)

T stress tensor (Pa)

Subscripts

dr drift velocity

eg exhaust gas

[ species i

inf interfacial

k phase k

m mixture
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Table 1 Comparison between experimental and computational results

Case A Case B
Error Error
Exp. STM Exp. STM

(%) (%)

Exhaust gas exit temperature (°C) 31.40 33.00 5.1 3770  38.80 2.9
Cold water exit temperature (°C) 20.80 21.80 4.8 32.60  31.00 -4.9
H,0 vapor exit mass fraction (%) 2.12 2.24 5.7 2.64 2.49 -5.6

H,0, vapor exit mass fraction (%) 0.26 0.25 -34 0.24 0.26 8.5
H,O condensation rate (kg/h) 3.82 4.10 7.3 2.32 2.20 -5.2
H,0, condensation rate (kg/h) 0.84 0.80 -4.8 0.64 0.60 -6.3

H,0, concentration in condense liquid (%) 17.10 16.10 -5.8 2440  25.20 33

Case A conditions: P,y ;n,=1ATM, T,y in=45°C, Yy, 0,in= 2.8%, Yy, 0,,m= 0.31%, Ueg in= 3.6 m/s, T 1= 10°C,
Uyt in= 4 I/min.
Case B conditions: P,gin=1 ATM, Teg in=45°C, Yy, 0,in= 2.8%, Vi, 0,,in= 0.31%, Ugg in= 3.6 m/s, Ty in= 25°C,

Uyt in= 11 I/min.

115 Four tube bundles
(in-line tube
arrangement)

Exhaust
gas outlet

115

. 200 /
Water / gas inlet

Exhaust
outlet

Figure 1 Heat exchanger with four in-line tube bundles
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Descriptions:

1) Generator of exhaust gas 5) Suction blower 9) Sensors for exhaust gas inlet and outlet
2) square duct chamber 6) Outlet exhaust pipe 10) Inlet pipe of cooling water

3) Tube bundle (in-line arrangement) 7) Collection tank of condensate liquid 11) Motorized valve

4) Collection tray for condensate liguid ~ 8) Cooling Unit 12) Sensors for cold water inlet and outlet

Figure 2 Test section where H,0, and H,O condensation occurs

(8 rows, 4 tubes/row)
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Figure 4 The species transport model
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Figure 5 Boundary condition
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Figure 6 Total condensation rates of mixing species H,0, and H,O.
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Figure 7 Condensation rates for H,0, and H,0.
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Figure 8 H,0, concentrations in condensed liquid for varying inlet cold water temperatures.



