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Heat exchangers are widely used for heat recovery purposes in many industrial applications such as gasification systems. In a
biomass gasification system situated at Melani village in Eastern Cape of South Africa, a significant quantity of heat energy is lost
during syngas cooling. Thus, a heat exchanger was constructed and installed in the gasification system for the purpose of heat
recovery. Therefore, the aim of this study is to evaluate the performance of the heat exchanger under variable operating conditions
for counterflow and parallel flow configurations. The experimental investigation was carried out on a double pipe heat exchanger
as the downdraft gasifier system operated on a wood consumption rate of 180 kg/h. The heat exchanger was installed at the exit
point of the syngas in the gasifier, and water served as the cooling fluid. Inlet and outlet temperatures of the hot syngas and cooling
water (fluids) were measured using thermocouples at variable flow rates. Experimental data were processed using energy
equations to determine vital performance parameters (overall heat transfer coefficient, effectiveness, and log mean temperature
difference). The findings showed that optimum heat exchanger effectiveness of 0.55 was determined at a mass flow rate of 0.07 kg/
s. In addition, counterflow configuration was found to be approximately 14% more effective than the parallel flow configuration.
This is attributed to the relative direction of the fluids in the configurations of both flows. The study recommends that double pipe

heat exchanger is suitable for recovering heat from the gasification system.

1. Introduction

Heat recovery is an essential part of any engineering application
requiring the efficient transformation of energy from one form
to another. This is achieved with the aid of a device called heat
exchanger, which is widely used in energy industries, auto-
mobile industries, food industries, chemical process industries,
and power plants. In energy transformation technologies such
as biomass gasification, where heat can be a product or by-
product, heat recovery using heat exchanger is a necessity [1].
Biomass gasification involves the conversion of solid biomass
into gaseous fuel in the absence of oxygen and at high tem-
perature. Biomass gasification plant generally comprises dif-
ferent systems that make up a unit, namely, feeding system,
gasifier/reactor, cleaning systems such as cyclone, and syngas
cooling systems such as gas scrubber. These individual systems
constitute to the overall efficiency of the gasification plant [2].

In the system Johansson biomass gasifier (SJBG), which
is the focus of this study, hot syngas when generated from
the gasifier will first go through the cyclone for purification
purposes. The syngas produced exits the gasifier at a very
high temperature because the gasifier is of downdraft type.
Thus, significant quantity of heat can be recovered from the
syngas prior to or during the cleaning process using a heat
exchanger system. Studies on the efficient use of heat ex-
changer systems for the recovery of waste heat in gasification
technology are scarce. Moreover, in downdraft gasifier very
few studies focused on the application of heat exchanger at
the cyclone section for heat recovery purposes. Conse-
quently, more research is required in this context.

The idea behind the recovery of heat energy from syngas
before it goes through the cleaning process is to harness the
heat that is ordinarily wasted during the cleaning process
and to improve the overall conversion efficiency of the
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gasification system. A previous study carried out on the
system Johansson biomass gasifier showed that the produced
syngas leaves the gasifier with the temperature range of
300°C-400°C and is cooled at the scrubber to a temperature
of about 25°C. This results in significant energy loss which
impacts on the thermal efficiency of the gasification system.
Opverall, there is obvious need to explore the integration of a
heat exchanger system into SJBG for proper and efficient
recovery of gasification waste heat for adequate energy
management in the syngas production. Hence, we hy-
pothesized that the integration of a double pipe heat ex-
changer will to a higher degree enhance the recovery of heat
in the system. A double pipe heat exchanger was used due to
its maintenance ease in situations of fouling. The syngas
emerging from the gasifier contains carbon particles that can
easily clog the surface of the heat exchanger, thereby creating
a fouling condition. Hence, a double pipe heat exchanger
with an easy cleaning capability was chosen. Moreover, the
choice and integration of double pipe heat exchanger kept
the alteration made to the gasification system at a minimal
level. In the present study, by combining engineering pro-
cess and design, we aimed to construct and integrate a
double pipe heat exchanger around the cyclone section of the
gasification system and evaluate the performance of the heat
exchanger in terms of its ability to recover heat energy.

2. Double Pipe Heat Exchanger Applications

Double pipe heat exchanger (DPHE) is regarded as one of the
simplest types of tubular heat exchanger. It is made up of
concentric pipes that are separated by mechanical closures.
Double pipe heat exchangers are relatively cheap to construct
and require minimal maintenance. They are used in high
temperature and high pressure applications for sensible
heating or cooling [3]. In recent years, several studies have
been carried out to evaluate and improve the performance of
heat exchangers in general. High performance heat ex-
changers are required in order to increase the efficiency of
most industrial applications where heat exchangers are of
great necessity. A recent study described the principle tech-
niques involved in augmentation of single phase heat transfer
in a double pipe heat exchanger. A metallic tape was twisted
along its longitudinal axis and inserted in the tube to create a
swirl flow. The result obtained in the study showed that the
heat transfer coefficient for the tube with twisted tape was
higher compared to the tube without twisted tape [4].
Another study presented an experimental comparison
of different types of heat transfer enhancement techniques
in a double pipe heat exchanger using extended surfaces.
The inner tube of the heat exchanger was modified by
providing a fin, spiral rod, and annular disk. The annular
method showed a higher heat transfer compared to the fin
and spiral rod at varying flow rates [5]. Heyhat et al. [6]
evaluated the effects of air flow rate injection and angle
positioning of the heat exchanger on the thermal perfor-
mance of a double pipe heat along with exergy analysis. The
findings suggested that air injection can be used as an active
method of improving heat transfer in double pipe heat
exchanger. An experimental investigation of the effect of
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fluid flow rate on the performance of a parallel flow ex-
tended plate heat exchanger was conducted. Parameters
considered in the study include thermal efficiency, overall
heat transfer coeflicient, flow rate, and Reynolds number.
The thermal efficiency and overall heat transfer coeflicient
showed an increase with the increase in flow rate. However,
the study suggested that more increase in the hot fluid flow
rate will influence the thermal efficiency more compared to
cold fluid flow rate.

3. Description of the Gasification System

A system Johansson biomass gasifier is made up of the
gasifier, cyclone, gas scrubber, particle interference filter,
safety filter, and gas engine as shown in Figure 1. The gasifier,
also referred to as reactor, is the major component of any
biomass gasification plant. Biomass gasifiers come in various
types: fixed bed, fluidized bed, and entrained flow. These
biomass gasifier classifications are dependent on biomass
material type, properties, and end use applications. In fixed
bed gasifier, feedstocks (biomass material) are gasified at
high temperature and pressures up to 30 bar [7]. Fixed beds
are further classified into downdraft, updraft, and cross
draft. These classifications are dependent on the interaction
that exists between gasification agent and biomass materials.
For downdraft, the solid biomass and gasification agent both
move in a downward concurrent manner, hence its name.
During gasification in the downdraft gasifier, biomass
materials are subjected to different reaction zones: drying
zone, pyrolysis zone, oxidation zone, and reduction zone [8].
These zones have different temperature ranges that are as-
sociated with it. The moisture content of the biomass ma-
terials is driven out at the drying zone around a temperature
of about 150°C. At the oxidation zone, the heat needed to
drive the rest of the processes in the other zones is generated,
while the individual gases that make up the syngas are
formed at the reduction zone. The chemical reactions in-
volved in the gasification process are summarized in Table 1
[9-12].

The chemical reactions in Table 1 result in the pro-
duction of a mixture of gases that exit the gasifier as a single
gas stream referred to as syngas; it first goes through the
cyclone in a tangential manner due to its tangential inlet. On
entering the cyclone, the syngas stream swirls around,
thereby forcing the particles in the gas stream to the outer
wall in a downward manner. These particles are then col-
lected at the bottom of the cyclone and the clean syngas goes
through the exit pipe at the top. At the cyclone, large
particles of sizes above 5um are removed efficiently.
However, particles of submicron sizes are also removed, but
with lesser efficiency as compared to the previous one [13].
In SJBG, about 80% of these large sized particles are removed
when the system is operating on a full load. As the syngas
makes its way through the cyclone, some significant portion
of the heat energy in the syngas is lost to the atmosphere
through the walls of the cyclone. A thermographic image of
the cyclone reported in a previous study indicated that the
surface temperature of the cyclone reached up to 200°C [14].
From the cyclone, the syngas goes to the wet scrubber for
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FIGURE 1: Schematic diagram of the gasifier unit integrated with heat exchanger.

TaBLE 1: Chemical reactions involved in gasification process.

TaBLE 2: Gasification process parameters.

Reaction Heatv of Type of reaction
reaction
C+CO, — 2CO 172.5kJ/mol Boudouard
C+H,0 — CO+H, 131.3kJ/mol =~ Water gas primary
C+2H,0 — CO,+2H,  90.2k}/mol Water gas
secondary
C+2H, — CH, —74.9 kJ/mol Methanation
CO + H,0 — CO,+H, —41.2kJ/mol Water gas shift
CH,+H,0 — CO +3H, 206.2kJ/mol  Steam reforming
CH,+CO, — 2CO +2H, 247.4kJ/mol Dry reforming

further cooling. The cooling of syngas at the scrubber in-
volves spraying of water over a scrubbing medium consisting
of a low resistance, but porous large surface area. This
scrubbing medium usually consists of a coarse or even
graded charcoal. The water used in the scrubber is recycled
through an ambient pond. Table 2 presents a summary of the
gasification process parameters used.

4. Materials and Methods

4.1. Design and Development of the Heat Exchanger. The first
step taken was to determine a feasible design of heat exchanger
and an appropriate position for its integration into the gasifi-
cation system. Considering that the cyclone separator is the first
entry point for the hot syngas stream and that its surface
temperature reaches up to 200°C, cyclone separator was chosen
as the appropriate position for integration of the heat exchanger.
An indirect contact heat exchanger (double pipe type) was
decided on so that no direct interactions exist between the syngas
and water (fluids) when passing through the heat exchanger. The
presence of particulate matter and sulphur compounds in the
syngas would pose a danger if it were to be a direct contact type.
A double pipe heat exchanger was used due to its maintenance
ease in situations of fouling. The syngas emerging from the

Parameters Values

Gasifier feedstock consumption rate 180kg/h
Moisture content 14%
Feedstock size 0.075 % 0.068 x 0.043 m
Gasifier outlet temperature 350°C

gasifier contains carbon particles that can easily clog the surface
of the heat exchanger, thereby creating a fouling condition.
Hence, a double pipe heat exchanger with an easy cleaning
capability was chosen. Moreover, the choice and integration of
double pipe heat exchanger kept the alteration made to the
gasification system at a minimal level. The dimensions of the
cyclone were put into consideration in the design and devel-
opment of the heat exchanger. The three-dimensional view of
the designed heat exchanger is shown in Figure 2.

The double pipe heat exchanger (DPHE) with dimension
0.51 x0.48 x1.36 m presented in Figure 2 was made using
Autodesk software package. A hot rolled mild steel sheet was
employed in the actual fabrication of the heat exchanger
prior to its integration into the gasifier unit. Some other
materials used for the fabrication of the heat exchanger
include angle iron mild steel for closing the four edges,
pressure release valve, sealing materials such as silicon,
electrical equipment such as thermocouples, and welding
machine. The mild steel sheet was cut into four rectangular
pieces and was used in the formation of the heat exchanger.
The sealing materials were used to seal up any form of
leakage that might exist after the welding process. Three
water control valves were welded to the body of the heat
exchanger at the top, middle, and bottom for water inlet and
outlet. This was aimed at ensuring adequate flow of water for
uniform transfer of heat and for adjusting the flow direction.
A pressure release valve was also installed at the top of the
heat exchanger to regulate pressure build-up within the heat
exchanger. Thermocouples were also inserted into the heat
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FIGURE 2: Pictorial and schematic view of the heat exchanger.

exchanger during the fabrication process to enable easy
monitoring of the water temperature during the experi-
mental process. The volume of water (V) that the heat
exchanger could hold was calculated using

Vwater = VHE - chclone’

1

chclone = VCylinder + Vcone'

Here, Vg is the volume of the rectangular heat exchanger;
V yclone is the volume of the cyclone separator; and, because the
cyclone is made of a cylindrical and a conical part, its volume
was determined by adding the volume of the cylindrical part
(Vyiinder) and the volume of the conical part (Vope). From (1),
the volume of water that the heat exchanger could hold was
found to be 267 litres. Figure 1 illustrates the schematic dia-
gram of the gasifier unit with the integrated double pipe heat
exchanger.

To evaluate the performance of the heat exchanger, the
biomass gasifier was loaded with wood chips cut to sizes of
0.075 % 0.068 x 0.043 m. The moisture content of the wood chips
was approximately 14%, which is the acceptable limit for
downdraft gasifier. To initiate the gasification process, air was
supplied to the gasifier through the air nozzle located at the
oxidation zone using a 2 kW centrifugal blower. The wood chips
in the gasifier were ignited through the ignition sleeve located at
the reduction zone of the gasifier. The four gasification processes
were initiated as soon as the wood chips were engulfed in flames.
This led to the formation of syngas as the chemical composition
of the wood chips reacts with the supplied air. As the syngas
flows from the gasifier into the double pipe heat exchanger, cold-
water stream was also pumped into the heat exchanger.

The hot syngas flows through the inner pipe whereas the
cooling water flows through the annulus of the pipes. The
control valves were used to adjust the direction of the water
flow. In parallel flow, water was pumped in the same direction
with syngas, while in counterflow, water was pumped in the
opposite direction with the syngas. Two variable flow meters
measuring the flow rate of fluids were mounted on the pipes.
The inlet and outlet temperature of syngas and water in the
parallel and counterflow configuration were monitored using
type K thermocouples inserted at the inlet and outlet valve of
the heat exchanger. The mass flow rate and temperature
measurements were repeated three times, and an average value
was taken for each measurement.

4.2. Performance Evaluation of the Heat Exchanger. The use
of heat exchanger enhances the efficiency of a system or
process. The performance of a heat exchanger is measured
using important thermal parameters which include quantity
of heat, also known as heat duty; overall heat transfer co-
efficient; log mean temperature difference (LMTD); effec-
tiveness; and capacity ratio. The quantity of heat emitted by
the syngas and absorbed by the water was determined using

Qe :(mcp)h(Th,i - Th,o)’ (2)

Q“ = (mCP)C<TC’°

where my, and m, are the mass flow rate of syngas and water,
respectively; C,, and C,, are the specific heat capacity of
syngas and water, respectively; Tj,; and T,; are the inlet

- Tc)i), (3)
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temperature of syngas and water, respectively; and T}, and
T., are the outlet temperature of syngas and water,
respectively.

The overall heat transfer coefficient (U) is a vital per-
formance parameter and is defined as shown in

Q,
U= ——=— 4
A X LMTD )
where A is the heat transfer surface area and LMTD is the log
mean temperature difference which is defined as shown in

(5) for counterflow configuration:

(Th,i - Tc,o) _(Th,o - Tc,i)

LMTD = . (5)
ln((Th,i - Tc,o)/(Th,o - Tc,i))
The effectiveness (S) was determined using
Cmax(Tc,o - Tc,i)
S=———————¢ (6)

Cmin(Th,i - Tc,i) )

where Cy,,, and Cp;, represent the maximum and minimum
capacity coeflicient of the fluids. The capacity coefficients are
derived from the product of the mass flow rate and specific
heat capacity of the fluids.

5. Results and Discussion

This study considered the design, fabrication, and integra-
tion of a heat exchanger into an existing gasification plant in
order to recover some significant heat from the syngas as it
passes through the cyclone separator. During the perfor-
mance test, the rate of wood supply to the gasifier plant was
approximately 180 kg/hr, and the moisture content of the
wood chips was 14% on average. The performance of the
integrated heat exchanger was evaluated in terms of its
thermal characteristics.

5.1. Thermal Performance of the Heat Exchanger. In this
study, the thermal characteristics of the designed and
constructed heat exchanger were evaluated for counter-
current flow arrangement. The physical properties of the
fluids passing through the heat exchanger are presented in
Table 3. These physical properties helped to determine other
thermal performance parameters of the heat exchanger.
The syngas density of 0.963kg/m” recorded was deter-
mined from the molar masses and percentage composition
of the individual gases that make up the syngas. Similarly,
the specific heat capacity of 399]/kgK was determined at
constant pressure from the percentage composition of the
syngas. The produced syngas is composed of carbon
monoxide, methane, hydrogen, carbon dioxide, and nitro-
gen. The specific heat capacity assisted in calculation of the
quantity of heat emitted and absorbed by the thermal fluids
undergoing the heat exchange. The thermal conductivity of
0.058 W/mK obtained for the syngas is close to the range of
0.01 to 0.03 W/mK usually reported in technical data for most
gases at room temperature. However, thermal conductivity
goes above the reported range of 0.01 to 0.03 W/mK at higher
temperature, which for helium gas is reported to be 0.25 W/mK

TaBLE 3: Physical parameters of the fluids passing through the heat
exchanger.

Parameters Syngas Water

Density (kg/m?) 0.963 997.1
Specific heat capacity (J/kgK) 399 4186
Thermal conductivity (W/mK) 0.058 0.598
Dynamic viscosity (kg/ms) 0.0000076 0.00089

at 600 K [15]. Thermal conduction in the syngas stems from the
collisions that exist between gas molecules, which in turn leads
to energy transfer. Thermal conductivity of a gas is dependent
on temperature, pressure, and density of the gas. It increases
with the increase in temperature and pressure. This is sup-
ported by the finding that thermal conductivity of a gaseous
fluid is dependent on temperature and density at different
limits [16]. The viscosity of the fluids provided information
regarding the free flow of the fluids through the heat exchanger.
As expected, water is more viscous than syngas; however, the
viscosity of the two fluids is very low, which indicates lesser
resistance to their flow during the performance test. The
uncertainty for all the physical parameters in Table 3 ranged
from 0.001 to 0.08. Table 4 presents the measured temperature
and mass flow rate of the fluids during the performance test.

The measured mass flow rate and temperature presented
in Table 4 were used along with the physical parameters to
further evaluate the performance parameters. The uncer-
tainty in the measurement ranged from 0.001 to 0.15 for the
measured temperature and mass flow rate. The parameters
calculated include quantity of heat emitted by the syngas and
quantity of heat absorbed by the water, heat transfer coef-
ficient, effectiveness, and LMTD. The quantity of heat
emitted by the syngas and the quantity absorbed by the water
passing through the heat exchanger were evaluated using (5)
and (6). Figure 3 shows the overall heat transfer coeflicient
for counterflow and parallel flow configurations as a
function of variable mass flow rate of water.

It is noted from Figure 3 that as the mass flow rate of
cooling water increased from 0.02kg/sec to 0.07 kg/sec, the
overall heat transfer coefficient equally increased from a
value of 7.89 W/m’K to 10.06 W/m?K for parallel flow and
from 8.03 W/m’K to 10.20 W/m’K for counterflow. The rise
in overall heat transfer coefficient recorded in both flows can
be attributed to an increase in flow velocity, which caused an
increase in turbulence. This in turn led to an increase in heat
transfer rate. Flow velocity also increased the Reynold’s
number of the fluid that has a direct relation with Nusselt
number according to Dittus-Boelter equation for turbulent
flow. The increase in turbulence forces the fluid against the
wall of the heat exchanger, and the greater the volume of
fluid in contact with the wall, the greater the absorption of
heat energy by the fluid. A similar trend of increase was
recorded in another study, where the mass flow rate of water
increased from 0.4kg/sec to 0.7kg/sec. The overall heat
transfer coefficient of the heat exchanger increased from
129.2 W/m’K to 178.9 W/m’K with water used as both fluids
[17]. Moreover, Osueke et al. [18] reported that an increase
in mass flow rate of fluid caused a corresponding increase in
overall heat transfer coefficient for a parallel plate heat



TABLE 4: Steady state parameters of the fluid passing through the
heat exchanger.

Parameters Unit Inlet Outlet
Syngas flow rate kg/sec 0.037 0.037
Water flow rate kg/sec 0.020 0.020
Syngas temperature °C 350 269.4
Water temperature °C 20 65.1
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FiGure 3: Overall heat transfer coefficient at different mass flow
rates.

exchanger. It is also important to note that overall heat
transfer coefficient can be improved through some mech-
anisms such as air bubble injection into the tubes and in-
sertion of fins [6], whereas fouling impacts negatively on the
overall heat transfer coefficient [19]. However, the type of
fluid that is undergoing the heat exchange usually affects the
overall heat transfer coefficient. Additionally, the heat ex-
changer effectiveness was evaluated with variation in mass
flow rate as shown in Figure 4.

It can be noted from Figure 4 that mass flow rate has a
direct influence on the double pipe heat exchanger effec-
tiveness. The heat exchanger effectiveness increases with the
increase in the flow rate in each case. For the water mass flow
rate between 0.02kg/sec and 0.07 kg/sec, the effectiveness
increases from 0.43 to 0.54. This is comparable to the ef-
fectiveness range of 0.50-0.58 recorded for a double pipe heat
exchanger with and without twisted inserts [20]. Sen and
Agrawal [21] reported effectiveness ranges of 0.29 to 0.36, 0.41
to 0.55, 0.44 to 0.48, and 0.32 to 0.43 for plain tube, helical
twisted wire tube, twisted clip, and threaded tubes of a double
pipe heat exchanger. The optimum effectiveness of 0.55 re-
ported in the above study compared well with the optimum
effectiveness of 0.54 obtained in the current study. The later
study focused on enhancing the heat transfer parameters of a
double pipe heat exchanger through the creation of turbu-
lence in the inner and outer tube. Thus, it is evident that
effectiveness of a double pipe heat exchanger can be improved
through creation of turbulence. Simhadri et al. [20] achieved
this by creating turbulence in the hot fluid channel using the
twist inserts at hot fluid and cold fluid flow rate of 0.032 kg/sec
and 0.04 kg/sec, respectively. The mass flow rates for the hot
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fluids in both studies above are similar but differed in the type
of fluids used. Also, effectiveness can be improved by in-
creasing the number of transfer units [22]. Figure 5 shows the
LMTD for counterflow and parallel flow configuration under
different flow rates.

Log mean temperature difference (LMTD) is a vital
parameter as it determines the temperature driving force for
heat transfer in a heat exchanger. Figure 5 shows that the
LMTD, for counterflow and parallel flow configurations,
dropped with an increase in mass flow rate. However, it is
observed that LMTD for parallel flow configuration lags
behind counterflow by approximately 1.75% for the entire
mass flow rate. In another study, the LMTD for parallel flow
was equally reported to lag behind counterflow configura-
tion at higher flow rate [22]. This can be explained by the
relative direction of the syngas and water (fluids) flow that
influences the required area for heat transfer. Also, noting
the inverse relationship that exists between the heat transfer
area and LMTD, the declining trend of LMTD can be
explained [23]. Besides mass flow rate, the hot syngas inlet
temperature was also found to have a direct influence on
LMTD.
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6. Conclusions

In this study, a tubular heat exchanger of double pipe type
was designed, constructed, and integrated into an existing
biomass gasification plant for the purpose of recovering heat
from the syngas exiting the gasifier at a temperature of
approximately 350°C. The custom-built heat exchanger has a
water holding capacity of 267 litres. The performance of the
heat exchanger was measured during the operation of the
gasification plant with a wood supply rate of 180 kg/hr into
the gasifier. From the findings obtained in relation to the
heat exchanger performance test carried out, the following
conclusions were drawn:

(1) The overall heat transfer coeflicient was increased
from a value of 7.89 W/m’K to 10.07 W/m°K for
parallel flow and from 8.03 W/m’K to 10.20 W/m?°K
for counterflow configurations.

(2) Counterflow was approximately 14% more effective
than parallel flow. This was attributed to the increase
in flow velocity that caused an increase in turbulence,
which in turn led to an increase in heat transfer rate.

(3) In addition, the log mean temperature difference for
parallel flow configuration lags behind counterflow
by approximately 1.75%.

(4) The maximum quantity of heat energy (15.1k]J) was
emitted by the syngas, and approximately 8.0 k] was
recovered with the installation of the double pipe
heat exchanger. Hence, integration of a heat ex-
changer with double piping system is about 50%
efficient in the recovery of heat from the syngas in the
Johansson downdraft gasifier.
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