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Abstract
In this study, the design improvement was done in a shell and tube condenser for improved heat transfer and condensa-
tion of bio-oil vapour. The developed condenser has split shell and segmental baffles, which divide the shell in various 
zones and condensate collection points. The fast pyrolysis of wheat straw was done and the bio-oil vapour condensate 
collected from various outlets located at bottom of condenser shell. From experimental results it was found that produc-
tion of bio-oil increased from 10.2 to 20.8% with increase in cooling water flow rate from 1000 to 2500 L/h; but, further 
increasing it beyond 2500 L/h provide marginal effects on production of bio-oil. The production of bio-oil increased 
from 15.2 to 20.7% as sweep gas flow rate was increased from 20 to 40 L/min at 2500 L/h of cooling water flow rate. But, 
further increase in sweep gas flow rate beyond 40 L/min resulted in to decrease in production of bio-oil. The novelty 
of this work is development of improved condenser with segmental baffles, which help in fractional condensation of 
bio-oil vapour, split shell for cleaning of outer surface of the cooling water tubes and compact design of condenser for 
optimal condensation of bio-oil.
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1 Introduction

Search for alternative sources of energy is the need of 
time due to increasing consumption and requirement 
of energy. The massive use of fossil fuels for energy pro-
duction and thermal applications are causing to environ-
mental pollution. The rapid consumption and depletion 
of fossil fuel reserves are increasing the concern towards 
protection of environment. Therefore, there is need for 
development into sustainable sources of energy. The bio-
energy is one of the vital sources of renewable energies. 
Wood and other forms of biomass are some of the main 
sources of renewable liquid, gaseous and solid fuels [1]. 
Biomass is renewable in nature and extensively considered 

to be prospective renewable source of energy for the 
future. The biomass is transformed into fuel and energy 
through biomass conversion technology (i.e., torifection, 
pyrolisys and gasification), which provide solid, liquid and 
gaseous fuels. These biofuels can become potential fuel for 
themal heating or electricity generation application [2, 3]. 
After pyrolysis of biomass, the bio-oil decomposes from 
the feedstock and come out in the form of bio-oil vapour.

The hypothesis is that sweep gas flow rate affect the 
releasing and transportation of bio-oil from reactor to the 
condensing media. Further, the biomass pyrolysis is gen-
erating the bio-oil vapour, which has to be condensed for 
effective recovery of the bio-oil. With continuous opera-
tion of pyrolysis unit, due to tar deposition on the surface 
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of cooling water tubes the effective heat transfer through 
condenser decreases. Now, how to improve the heat trans-
fer through condenser and increase the production of bio-
oil? For this the literature review was carried out for bio-
oil production and design of condensers. The objectieves 
followed by methodology, and reseulsts and discussion 
are presented.

2  Bio‑oil production

The liquid fuel obtained through biomass pyrolysis is 
termed as ‘bio-oil’. The bio-oil is a dark brown and free-
flowing organic liquid. It is used in co-firing of boilers, fur-
nace, diesel-engine, etc. The bio-oil is also known by other 
names such as pyrolysis oils, pyrolysis liquids, bio-crude 
oil, wood oil, wood distillates, wood liquids, etc. The bio-
oil is produced by thermal degradation of biomass, called 
pyrolysis. It leads to the formation of bio-char, bio-oil and 
non-condensable gases [4]. The process may be slow, fast 
or flash pyrolysis, depending upon the operating condi-
tions during the pyrolysis.

Generally, fast pyrolysis process is used for better pro-
duction of bio-oil as compared to flash pyrolysis, but it 
has some technological limitations such as poor thermal 
stability [5]. Along with fast pyrolysis, the fluidized bed 
technology appears to be the most potential technology 
in fast pyrolysis of biomass for bio-oil as it offers a high 
heating rate, rapid devolatization, easy control, convenient 
char collection, low cost and so on. In pyrolysis process the 
wood decomposition begins at 200 °C and reaches to max-
imum rate of mass loss at 350 °C, and continued to 500 °C 
[6]. The decomposed wood convert into bio-oil vapour, 
ash, tar, etc. The bio-oil vapour comes out from the reactor 
at temperature of about 180–250 °C, then passes through 
the char separator and then enters into the condenser in 
the temperature range of about 100–120 °C.

The production of bio-oil depends upon the type of 
feedstock and operating conditions of pyrolysis process. 
Jendoubi et al. [7] studied fast pyrolysis process of wheat 
straw and used jacketed tubular condensers for fractional 
production of bio-oil. The production of bio-oil from fast 
pyrolysis of grape bagasse was 27.60% [8]. The auger 
pyrolysis process of pine wood obtains the production of 
bio-oil of about 25.7% by using three condensers in series 
with water cooling circulation [9]. The highest yield of bio-
oil from sugarcane trash was 31.95% for  N2 as sweep gas 
at the flow rate of 160 cc.s−1 [10]. Arias et al. [11] reported 
that pyrolytic conversion of perennial grass and woody 
shurbs at 550 °C with  N2 as sweep gas yields about 18% 
bio-oil and there is need to upgrade the aqueous frac-
tions in pyrolysis liquids. In pyrolysis process, apart from 
the operating conditions, the sweep gas flow rate, cooling 

fluid flow rate and proper design of condenser play major 
role in production of bio-oil.

2.1  Condenser for bio‑oil production

The selection of condenser, i.e., type and size of condenser, 
is based upon suitability for a process depending on the 
type of fluid, its phase, temperature range, pressure and 
various other thermodynamics properties [12]. The bio-oil 
is slightly corrosive in nature and tar is generated during 
its formation. Over the period during its operation the 
tar deposits over condenser wall and tubes, and leads to 
decrease in the recovery of bio-oil over the period. Bio-oil 
is acidic in nature and reacts with materials. The mild steel 
is least resistant to corrosion, while stainless steel is not 
affected under any condition [13, 14]. Various condensing 
system including direct condensation systems and indirect 
cooling system (i.e., shell and tube heat exchangers), e.g., 
Graham condenser, Coil condenser, Allihn condenser and 
Spiral condenser, for bio-oil production were reviewed by 
[15]. They reported the need for fractional condensation 
by using multi-stage condenser for improved quality of 
bio-oil. The geometrical parameters of the shell and coil 
type condenser desing have a significant effect on effec-
tive heat trahnsfer [16].

The fractional condensation was achieved by multi-
stage condensers, i.e., three condensers in series and dif-
ferent grades of bio-oils were obtained [17]. Conversely, 
to improve the recovery of bio-oil, the condenser should 
work for longer period with better condensation and 
reduced tar deposition on the outer surface of cooling 
water tubes for compact system and reduced overall cost. 
Wang et al. [18] worked on fractional condensation to 
obtain different grades of bio-oil by using separate con-
desers for each fraction of condensate. Gooty et al. [19] 
studied on fractionated using a series of three condens-
ers maintained at different temperatures. Ma et al. [20] 
worked on fixed-bed biomass pyrolysis reactor integrated 
with three-stage condensation columns. They studied the 
effects of pyrolysis temperature, carrier gas flow rate and 
condensation temperature on bio-oil yield and reported 
the maximum yield at 550 °C. In most of the studies the 
fractional condensation was achieved by using multi-
stage condensation units, which require more space and 
intial capital cost as well as more running cost. No boby is 
reporting about long term operation of the condensers 
and the maintenance aspects.

The present work is aimed for design improvement 
and development of compact condenser with baffle 
plates for fractional condensation, and splited shell 
for tar cleaning and enhancement in bio-oil recovery 
from fast pyrolysis of wheat straw biomass. The detailed 
experimental study on effect of variation in cooling 
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water flow rate and sweep gas flow rate on vapour tem-
perature and production of bio-oil yield is carried out.

3  Materials and methods

3.1  Design of shell and tube condenser for bio‑oil 
vapour

In the present study a shell and tube type counter flow 
condenser is selected to condense the hot bio-oil vapour. 
A counter flow type shell and tube condenser consists 
of shell and tube or series of tubes, where cooling water 
is circulated through tubes and hot bio-oil vapour is cir-
culated in the shell around water tubes. Some portion 
of the condensed bio-oil vapour leads to tar formation 
and deposition around the surface of tubes, which are 
to be cleaned. Therefore, split shell was used for opening 
of the shell in order to clean the outer surface of cooling 
water tubes. The bio-oil is acidic in nature, so condenser 
shell and tube material selected should be inert to the 
bio-oil vapour. Therefore, the ‘Stainless Steel 304′ was 
selected as material for shell and tube. The properties 
of stainless stell 304 are shown in Table 1.

The general formula for heat transfer across surface of 
condenser is given by Eq. (1).

(1)Q = UAsΔTm

where, Q = Heat transfer per unit time, W; U = Overall 
heat transfer coefficient, W/m2 °C;  As = Heat transfer area, 
 m2; ΔTm = The mean temperature difference across heat 
exchanger structure, °C. The parameters such as diameter 
of shell, diameter of tube, tube layout, length of tube, etc. 
are calculated by using the logarithmic mean temperature 
difference method (LMTD) method [12]. By conservation 
of energy for condenser system and assuming outlet gas 
temperature as 50 °C, the outlet cooling water tempera-
ture is calculated by using Eq. (2).

where, ṁh and = ṁcmass flow rate of hot fluid and cold 
fluid, kg/s,  Cph and  Cpc = specific heat of hot fluid and cold 
fluid, kJ/kg. All temperature values are in degree centi-
grade (oC), th1 and th2 = temperature of hot fluid (vapour) in 
and hot fluid (gases) out, t

c1
and t

c2
 = temperature of cold 

fluid (water) in and cold fluid (water) out.
Now the “logarithmic mean temperature difference” 

(LMTD or �m ) method is used to find the length and other 
parameters such as surface area of cooling water tubes, 
etc. The LMTD is calculated by Eq. (3).

Now, by using Eq. (1), the required heat transfer surface 
area of condenser tube is calculated by Eq. (4),

Since, the length of condenser shell is restricted and the 
cooling water tube diameter is selected from the manu-
facturer catalogue. Then, the surface area of one tube hav-
ing length equivalent to condenser length is calculated 
by Eq. (5).

where, d = diameter of tube, L = length of tube as length 
of condenser shell.

Now, the number of required cooling water tubes, ‘n’ is 
given by Eq. (6)

(2)Q = ṁh Cph

(

th1 − th2
)

= ṁcCpc

(

tc2 − tc1
)

(3)�m =

(

th1 − tc2

)

−
(

th2−tc1

)

log
th1

−tc2

th2−
tc1

=
�2 − �1

log
�2

�1

(4)As =
Q

U �m

(5)At = �dL

(6)n =
Total surface area required for single tube of selected diameter

Surface area of single tube equivalent to length of condenser shell
=

As

At

Table 1  Properties for 304 stainless steel alloys [21]

Property Value

Density 8.00 g/cm3

Melting point 1450 °C
Modulus of elasticity 193 GPa
Tensile strength 500–700 MPa
Electrical resistivity 0.72 × 10–6 Ω.m
Thermal conductivity 16.2 W/m.K
Corrosion resistance Excellent corrosion resistance
Resistance to oxidation Good resistance to oxidation 

in intermittent service up to 
870 °C
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In order to improve heat transfer and maximum recov-
ery of bio-oil, the segmental baffles are placed in a shell 
and tube condenser to guide the vapour flow direction. 
This helps in longer duration of vapour flow and better 
cooling. Height of baffle was selected three-fourth of shell 
diameter [22].

For designing the compact condenser with fractional 
condensation of bio-oil vapour, initially the length of con-
denser shell was taken as 1000 mm and shell diameter 
168 mm. The other parameters taken were sweep gas 
flow rate ṁh = 0.0007 kg/s, cooling water flow rate ṁc = 
0.6 kg/s,  Cph = 1.5 kJ/kgK, inlet vapour temperature th1 = 
110 °C (temperature of outlet vapour from the pyrolysis 
reactor), outlet gas temperature th2 = 50 °C (as desired out-
let gas temperature), and cooling water temperature tc1 = 
27 °C. Using Eqs. (1), (2), (3), (4), (5) and (6), the calculations 

were done and specifications of the designed condenser 
are given in Table 2.

3.2  Development of heat exchanger

The counter flow shell and tube heat exchanger was 
developed by using the design specifications as shown 
in Table 2. The shell and tube condenser consist of two 
inlets and two outlets for vapour and cooling water. The 
other three outlets provided in the shell are for extraction 
of the produced bio-oil. The shell consists of six segmental 
baffles and five tubes. The baffles are provided at equal 
distances which divide the shell in various zones. The 
space between vapour inlet and second baffle is termed 
as Zone-1. The space between second and fourth baffle is 
called Zone-2, and space between fourth and sixth baf-
fle is called Zone-3. Thermocouples at different locations 
were provided to observe the temperature of vapour in 
various zones of shell. The pressure gauge was provided to 
know the pressure difference in condenser shell. The split 
shell has provision to open at the top and sides as it was 
assembled with nut and bolt, which provides advantages 
of periodic cleaning of shell and tubes. Figure 1 shows the 
geometric model and parts of developed condenser.

3.3  Experimental set up for pyrolysis

The experimental set up of continuous fluidized bed type 
pyrolysis unit for feed rate of 5 kg/h, is shown in Fig. 2. 
The experimental setup consists of hoper for feeding of 
sized biomass into the fluidized bed reactor, sweep gas 

Table 2  Specifications of the condenser

S.No Parameter Dimension

1 Length of condenser shell 1000 mm
2 Shell inner diameter,  Ds 150 mm
3 Shell outer diameter,  Do 168 mm
4 Shell thickness 3.40 mm
5 Tube outer diameter,  do 32 mm
6 Number of tubes,  Nt 5
7 Baffle cut 55%
9 Baffle thickness, t 5.0 mm
10 Number of baffle plates,  Nb 6

Fig. 1  Geometric model and 
parts of condenser
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generation and supply unit, cyclone separator, and con-
denser. The resistive heating element was used for heat-
ing the biomass for pyrolysis the temperature range of 
350–550 °C. The nitrogen gas from nitrogen generator was 
used as sweep gas to carry forward the produced vapour. 
The set up was provided with cyclone separator, which 
separates the char and carry forward the clean hot bio-oil 
vapour. The hot bio-oil vapour produced from pyrolysis 
was used as feed for vapour condenser. The feedstock, 
naturally dried wheat straw with particle sizes between 
1.0 and 15 mm and moisture content of 6–9% wt., was 
used as feedstock for pyrolysis reactor.

The shell and tube type counter flow condenser was 
used to condense the hot bio-oil vapour into liquid oil. The 
bio-oil vapour was passed through shell and cooling water 
at atmospheric temperature 27 °C, was circulated through 
tubes. The bio-oil vapour enters in the condenser in the 
temperature range of 100–110 °C. The parametric study 
was carried out by varying cooling water and sweep gas 
flow rates. The cooling water flow rate was varied in the 
range from 1000 to 3000 L/h and the sweep gas flow rate 
was varied from 20 to 60 L/min. The flow rate was regu-
lated by control valve and observed in Rotameter. The 
temperature variations were observed by K and J-type 
thermocouples attached at the inlet and outlet section of 
vapour and cooling water, and various zones of the con-
denser shell. The temperature at various zones in the con-
denser was also observed and recorded. The experimental 
set up of pyrolysis and condenser unit is shown in Fig. 2.

Produced bio-oil was collected from the condensate 
collection points provided in the condenser. The pro-
duction of bio-oil was measured on mass basis by using 
electronic weighing balance and wt. per cent bio-oil was 
calculated by using Eq. (7).

4  Results and discussion

The condenser was designed and developed for condensa-
tion of hot bio-oil vapour. Then, experimental study was 
carried out on shell and tube condenser to evaluate the 
performance parameters. The study investigates the effect 
of varying cooling water flow rate and sweep gas flow rate 
on temperature of hot bio-oil vapour and production of 
bio-oil from wheat straw. The results are presented with 
3% error in measurement.

(7)

Bio - oil production =
Mass of the bio − oil collected

Total mass of feedstock consumed
× 100%

Fig. 2  Experimental set up

Fig. 3  Effect of variation in cooling water flow rate on zone temper-
ature in condenser shell
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4.1  Effects of cooling water flow rate on vapour 
temperature and production of bio‑oil

The effects of varying cooling water flow rate on vapour 
temperature in various zones of condenser are shown in 
Fig. 3. It can be observed from the Fig. 3 that temperature 
at various zones of condenser decreased with respect to 
increase in cooling water flow rate from 1000 to 3000 L/h. 
The maximum drop in vapour temperature was observed 
at initial zones i.e., Zone-1 to Zone-2, but in subsequent 
zones, i.e., Zone-3 and gas out temperature drop was 
less significant and within error limits. With respect to 
increase in cooling water flow rate the vapour temperature 
decreased significantly in Zone-1 and Zone-2, but in later 
zones marginal effects were observed. At gas outlet, the 
temperature is similar at all flow rates, as sufficient cooling 
is being done.

The effects of varying cooling water flow rate on 
bio-oil production are shown in Fig. 4. The production 
the bio-oil increased from 10.2 to 20.8% with respect 
to increase in cooling water flow rate from 1000 to 
3000  L/h. It can be observed from the Fig.  4 that by 
increasing cooling water flow rate up to 2500 L/h, the 
bio-oil production increased; but further increase in 
cooling water flow rate had marginal effects on produc-
tion of bio-oil. Therefore, excess use of water flow rate is 
not useful. It reflects that most of the condensable con-
tens would have condensed at cooling water flow rate 
2500 L/h. The optimum production of bio-oil was found 
to be 20.7% at the cooling water flow rate of 2500 L/h 
and sweep gas flow rate 40 L/min.

4.2  Effects of sweep gas flow rate on vapour 
temperature

The effects of varying sweep gas flow rate on zone temper-
ature of condenser are shown in Fig. 5. It can be observed 
from Fig. 5 that vapour temperature at vapour in section of 
the condenser varied with respect to change in sweep gas 
flow rate. Initially vapour temperature increase, reached 
to maximum 110 °C at sweep gas flow rate of 40 L/min 
and then further increase in sweep gas flow rate caused 
to decrease in vapour temperature at condenser inlet. The 
low temperature at low flow rate of sweep gas may be 
due to cooling of vapour in the vapour travelling path and 
less sweeping of bio-oil vapour from the pyrolysis reactor. 
At comparatively higher sweep gas flow rate, again the 
vapour temperature at vapour inlet decreased. This may 
be due to less heating at very fast flow rate of sweep gas. 

Fig. 4  Effect of cooling water flow rate on production of bio-oil
Fig. 5  Effect of sweep gas flow rate on zone temperature of con-
denser

Fig. 6  Effect of sweep gas flow rate on production of bio-oil
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In subsequent zones, the vapour temperature decreased 
continually and at gas outlet, the gas temperature was 
almost constant with in error limit irrespective of any flow 
rate of sweep gas.

4.3  Effects of sweep gas flow rate on production 
of bio‑oil

The effects of varying sweep gas flow rate on production 
of bio-oil are shown in Fig. 6. It is observed from the Fig. 6 
that production of bio-oil increased from 15.9 to 20.7% 
with respect to increase in sweep gas flow rate from 20 to 
40 L/min at cooling water flow rate of 2500 L/h. But, fur-
ther increment in sweep gas flow rate from 40 to 60 L/min, 
the production of bio-oil decreased from 20.7 to 15.9%. At 
low flow rate of sweep gas the bio-oil vapour would not 
be transported due to slow speed, while comparatively 
higher rate of sweep gas flow would not be allowing suf-
ficient time for heating the biomass for releasing of the 
bio-oil. Therefore, maximum bio-oil production of 20.7% 
was observed at sweep gas flow rate of 40 L/min and cool-
ing water flow of 2500 L/h.

The bio-oil yield of 20.7% from wheat straw by using 
modified condenser is slightly lower than that of reported 
in literature [8, 10], but they have used different feed-
stocks. Furthermore, researchers have used multi-shell 
and tube condenser to increase the bio-oil production and 
fractional condensation [7]; while the presently designed 
and developed condenser is compact and single shell and 
tubes with baffle plates is providing enhanced production 
of bio-oil yield with fractional condensation. Various baffle 
plates and bio-oil outlet points can help in fractional con-
densation of bio-oil where different grade of bio-oil can 
be obtained. The results are in concerance with the results 
repoted by Jendoubi et al. [7] for pyrolysis of wheat straw 
where muti-satge condensation was done.

The sweep gas flow rate had significant effect on bio-
oil recovery. At very low as well as at very high flow rate of 
sweep gas the bio-oil recovery was low. At lower flow rate 
of sweep gas the bio-oil would not be carried away from 
pyrolysis reactor, while the higher flow rate of sweep gas 
would be leading to less time for heating of biomass and 
subsequent releasing of bio-oil. Therefore, the hypothesis 
is true that sweep gas flow rate affect the production of 
bio-oil vapour from reacto.

In the entire study it was observed that along with type 
of biomass used, the cooling water flow rate and sweep 
gas flow rate significantly affect the production of bio-oil. 
The overall heat transfer coefficient calculated is 17.6 W/
m2 °C. Long term operation of condenser is affected by 
deposition of tar inside condenser shell and outside of the 
cooling water tubes. Split condenser shell with open able 
window helps in cleaning of the condenser. The produced 

bio-oil can directly be used for thermal application in 
industrial burners and process heating. This condenser 
uses single shell and multi-tubes with baffle plates, which 
eliminates the multi-shells and overall cost of condenser 
is reduced.

5  Conclusions

The sweep gas flow rate affect the releasing and trans-
portation of bio-oil vapour from reactor to the condens-
ing media, while type and design of condenser affect the 
condensation of bio-oil vapour. A shell and tube coun-
ter flow condenser with split shell and baffle plates was 
designed and developed. The experimental study was car-
ried out for optimal condensation of bio-oil vapour com-
ing out from fast pyrolysis of wheat straw. It was found 
from the experimental results that production of bio-oil 
increased from 10.2 to 20.7% as cooling water flow rate 
was increased from 1000 to 2500 L/h, but further increase 
in cooling water flow rate marginally affected the bio-oil 
recovery. The production of bio-oil increased from 15.2 to 
20.7% as sweep gas flow rate was increased from 20 to 
40 L/min at 2500 L/h of cooling water flow rate. But, further 
increase in sweep gas flow rate beyond 40 L/min resulted 
in to decrease in production of bio-oil. For certain sweep 
gas flow rate of 40 L/min and the cooling water flow rate 
of 2500 L/h, the maximum bio-oil recovery of 20.7% was 
observed for wheat straw. Comparatively low flow rate of 
sweep gas could not transfer the bio-oil vapour from reac-
tor and it would be converted into syngas, while high flow 
rate of sweep gas do not allow sufficient heating of the 
biomass to decompose into bio-oil vapour.

The significant outcome of this study is development of 
compact condenser with segmental baffles, which divided 
the condenser shell in various zones, where fractional con-
densation of bio-oil could be achieved with multi-point 
oil extraction. The split shell helps in periodically clean-
ing of shell and outer surface of cooling water tubes in 
order to maintain better heat transfer and condensation of 
bio-oil. Further, characterization of fractioned condensate 
may be done while developing bio-fuel. The experimental 
results for gas temperature along the up stream length of 
condenser shell may be used for numerical modeling of 
the condenser and developing the empirical relations for 
design of condenser.
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