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Abstract: A four-stage condensers in series system was adopted to solve the problems of insufficient
condensation of high-temperature pyrolysis steam and difficulty in the classification and recovery
of pyrolysis oil, where the internal fluids conducted countercurrent convection heat exchange. A
steady-state physical and mathematical model of a single condenser was established to clarify the
discipline of heat transfer between the internal fluids. Meanwhile, the model of pyrolysis steam
coupled multi-stage condensers was proposed with the help of the model compound firstly. A
numerical simulation was carried out and the results showed that when the number of condensers in
series was four, the heat transfer process of the system reached saturation, and the heat exchange of
the cold and hot fluids was completely realized, and it was of little significance to continue to connect
more condensers in series for the condensation of pyrolysis steam. To quickly condense the hot fluid,
the key was to increase the mass flow rate of the cold fluid in the first-stage condenser. Compared
with the experimental values, the calculated values of hot fluid outlet temperature were not higher
than 10%, indicating that the model was highly reliable.

Keywords: dual tube heat exchanger; heat transfer; model compound; multi-stage condensers;
thermodynamic characteristic

1. Introduction

Biomass fast pyrolysis refers to the chemical conversion technology method that in
the absence of oxidants (air, oxygen, and water steam) or only limited oxygen, after heating
to the certain temperature range, the biomass macromolecular substances (lignin, cellulose,
and semi-cellulose) were decomposed into smaller molecular substances (pyrolysis oil,
char, and combustible gas) [1-3]. The condensation of high-temperature pyrolysis steam
was one of the key parts of the fast pyrolysis technology, which had a great influence on
the yield, composition, and quality of pyrolysis oil [4,5]. As one of the pyrolysis steam
condensation methods, the staged condensation can not only obtain high-quality products,
but also facilitate the recovery of the multi-stage products and obtain a variety of pyrolysis
oils with different qualities and applications, whose prospects were excellent and one of
the important studies in the field of biomass fast pyrolysis [6-8].

Currently, it is common to use indirect heat exchange condensers (dual tube heat
exchangers) as the heat transfer unit of the multi-stage condensers. Many researchers
used multi-stage condensers to condense high-temperature pyrolysis steam to achieve
the condensation temperature control and product recovery [9,10]. Mati et al. used
fractional condensers in series to divide the pyrolysis oil into heavy oil, medium oil, and
moisture according to their densities, and initially realized the classification and recovery
of products [11]. In the multi-stage condensers system, the condensation temperature was
the key parameter. The temperature of the first-stage condenser was usually kept above
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80 °C, where water and light carboxylic acid did not condense. The pyrolysis o0il collected
from this stage condenser had a relatively low water/acid content [12]. Gooty used a
three-stage cyclone separation for the heat exchanger, where water or glycol acted as
the coolant to circulate in the shell and tube of the heat exchanger to quench the volatile
steam flowing inside [13]. The above literature showed that the multi-stage condensation
technology can enrich the effective components in the pyrolysis oil and improve its
quality. However, many multi-stage condensation temperatures and methods (concurrent
and countercurrent, velocity) were different, and it was difficult to provide a theoretical
reference for the research and design of the multi-stage condensation apparatus in the fast
pyrolysis technology.

However, the composition of the pyrolysis steam was more complicated. If it was
directly used in the calculation and numerical simulation of the condensation process, the
calculation may be extremely cumbersome [14,15]. Many studies showed that replacing
complex compounds with model compounds applied in materials, metallurgy, catalytic
reactions, and other fields was one of the important ways to study the different mechanism
of the compounds [16-20], that was, each component and its physical and chemical prop-
erties was weighted and averaged according to their respective proportions to obtain a
certain compound with specific physical and chemical properties, which can simplify the
subsequent series of calculations.

The purpose of this paper was to adopt the multi-stage condensation method to
determine the most suitable convection heat transfer form of hot and cold fluids, to achieve
the efficient heat exchange and product condensation. At the same time, through theoretical
calculation methods, the thermodynamic equilibrium of a single condenser and multi-
stage condensers was further investigated, with emphasis on its temperature and thermal
load regulation characteristics. A pyrolysis steam coupled stage condensers model was
established firstly with the help of the concept of the model compound, and the heat transfer
differential equations were used to solve the problem to obtain the coupling relationship
between all single condensers and the optimal fluid operating parameters of the multi-stage
condensation mode. The results provided a new solution for the precise control of the
condensation fluids and product collection, which was of great significance for the actual
operation and the expansion of the fast pyrolysis production scale.

2. Design

To facilitate staged condensation and recovery of pyrolysis oil, adopting indirect
condensing heat exchangers in series was an ideal condensing method. The common dual
tube heat exchanger was used as a single condenser unit to realize heat exchange efficiently
between high-temperature pyrolysis steam and low-temperature fluid. According to the
characteristics of the dual tube heat exchanger, both the inner tube and the outer tube can
act as pipelines for hot and cold fluids. Allowing the pyrolysis steam to flow vertically
upwards, while the flow direction of the cold fluid (water at different temperatures) was
vertical up or down, there were four specific implementation schemes, as shown in Figure 1.
The hot fluid condensed through the convective heat exchange with the cold fluid between
the inner tube wall, and gradually accumulated to the bottom. The uncondensed part was
discharged into the next-stage condenser, and the flow of the cold fluid was driven by a
circulating pump.

The outlet temperature, overall heat transfer coefficient, and thermal load of a single
condenser in different design schemes were different, which had a greater impact on
the condensation effect of pyrolysis steam. Therefore, it was necessary to analyze the
thermodynamic characteristics of each scheme and select a suitable direction of cold and
hot fluid flow as the design scheme of the condenser.
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Figure 1. Schemes of the convective heat transfer between the pyrolysis steam and the cold fluid
((a) scheme 1; (b) scheme 2; (c) scheme 3; (d) scheme 4): (1) dual tube heat exchanger; (2) ball valve;
(8) circulating pump.

3. Thermodynamic Equilibrium Model Development
3.1. Single Condenser Model

First, four schemes are simplified and a thermodynamic equilibrium model is estab-
lished to compare and analyze the convective heat transfer schemes. Taking the Scheme 1 as
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an example, the structure and control micro-element of the dual tube heat exchanger were
established. In Figure 2a, the fluids at different temperatures in the two sides flowed
in reverse directions, whose temperatures gradually changed along the flow distance.
The main structural parameters are shown in Table 1. Therefore, a distributed param-
eter differential equation model can be established. Ignoring the temperature of the
two fluids in the radial direction, according to the energy conservation relationship of
“input-output = accumulation + consumption”, the thermal balance equation in the time
interval At in the control body of length Ax was established in Figure 2b. The heat exchange
parameters involved are shown in Table 2.

F hl.out ;
F cl.in F; hl.out |
=— 5L T T, +AT, |
— F 2 1 1
clin
' x+ Ax |
e % ______________ + -.
Ty(0| Tox) |
l l < Aq ‘ A\'
______________ f‘“““““"“k‘
I;Z + AI‘Z T 1 X |
— -—— x=0 Fcl,out Fhl,in |
F, cl,out
|
Fhiin Outer tube Inner tube
(a) (b)
Figure 2. The dual tube heat exchanger: (a) structure; (b) control micro-element.
Table 1. Main Parameters of the Dual Tube Heat Exchanger.
Outer Diameter, Inner Diameter, Thickness, Heat Transfer Effective Heat
mm mm mm Height, mm Transfer Area, m?
80 40 3 700 0.1
Table 2. Thermal Parameters of the Dual Tube Heat Exchanger.
Parameter Value
Thermal energy entering the inner tube from the x section mpcpp T1 At
Thermal energy flowing out of the outer tube from the x section Me1 inCPcl,in(T2 + AT2)At
Thermal energy flowing out of the outer tube from the x + Ax section mp1cpn1 (T + AT)At
Thermal energy entering the inner tube from the x + Ax section M1,inCPcl,in T2t
Thermal energy from the inner tube to the outer tube Ag = K(mrDAx) (T1 — Tp)At

If the micro-element of the entire tube was calculated, Ag was the internal quantity of
the micro-element and did not appear in the balance equation:

Mp1Cph1 TI At — Mt inCPet inTaAt = mpicpni (Ty + ATy) At — M incPein(T2 + AT2)At (1)
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After eliminating At and dividing by Ax, Equation (1) was simplified as Equation (2):

A(mpicpmTi) — A(metincparinTz) 0 @)
Ax Ax

Taking the limit of Ax—0, the differential equation was obtained:

d(mnicpmTi) — d(Me1inCPe1inT2) 0 @)
dx dx

Only when the fluid thermal capacity (imy1cph1 and M1 inCPc1,in) did not change with
temperature, Equation (3) can be simplified as Equation (4):

dT dT
mhlcpth; - mcl,inCPchOTX2 =0 (4)

In Equation (4), there was a simple linear relationship between T; and T5.
If only thermal energy was performed on the micro-elements of the fluid in the inner
tube, then Ag appeared in the balance equation:

myicpn T1At — mpgepni (Tr + ATy )At = Aq = K(nDAx)(Ty — To) At &)
which can be simplified to obtain:

d(muicpniTr)

ar = —KnD(Ty — Tp) (6)

If the fluid thermal capacity my cpn; was a constant, Equation (6) can be simplified to
a linear ordinary differential equation:

dT
mhlcpmd—xl +KnrDT; = KaDT, @)
Similarly, the calculation of the fluid in the outer tube can be obtained:
dT:
~ MctnCPetin g, + KnDTy = KnDTy ®)

Since this model was a one-dimensional ordinary differential equation, the variables
T and T to be solved were the functions of the axial distance x, whose boundary conditions
were relatively simple. In total, only their values need be specified at the entrances (x = 0)
of any two positions of the heat exchanger. The known conditions are:

x=0,Ti =Ty, x=0L1,Th =Ty )

Because the two boundary conditions were not at the same end point of the solution
domain, but at both ends of the solution domain (boundary value problem), the solution
process was more difficult than that at the beginning of the solution domain (initial value
problem). In the case of unsteady heat transfer, when calculating the thermal balance of the
micro-element in the inner tube, it should also be considered that the Ax x At of the balance
domain would appear as the increment AT; over time in the micro-element, which was:

(mp1cpni 1) At — (muicpn Th) o p, O = K(mTDAX) (T — T2) + SAx - ppicpni ATy (10)

After Equation (10) was eliminated, simplified, and its limit was taken, the partial
differential equation was obtained:

Sa(PhlgFZth1> n a<mhlacfth1) — _KaD(T, - T) (11)
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If the thermal capacities (1, p 1, cpn1) of the fluid were all constants, Equation (11)
was simplified as Equation (12):

oT oT
Sphlcphla—tl + mmcphl—xl +KnrDT; = KaDT, (12)
Similarly, the calculation of the fluid in the outer tube can be obtained:

oT. oT:
Spcl,incpcl,mTE - mcl,incpcl,inT; +KnDT, = KnDTy (13)

The boundary conditions to be specified for this countercurrent flow model were:
x=0,Ty =Ty(t); x=Ly,Tp=Tx(t) (14)

In addition, the initial conditions that need to be specified were:

t=0,Ti(x,t) = f1(x), Ta(x,t) = fa(x) (15)

Here, T (x, t) indicated that T; and T, were binary functions of x and t now.
In Equation (9), the boundary value can be a constant, and in reality it was also a
controlled constant.

Equations (12) and (13) formed first-order linear partial differential equations, which
were difficult to solve. Considering that the temperature of the fluid in the inner tube
varied widely and that of the outer tube varied little, assuming that the temperature of the
fluid in the inner tube (T;) was a constant value, the problem can be reduced to a first-order
linear differential equation:

5Ph1CPh1% + mhlcphlaa% = KnDTy — KntDTy (16)
The boundary conditions and initial conditions were:
x=0,T1 =Ty (17)
t=0,Ti(x,t) = fi(x) = Too (18)
According to Cauchy method [21], the characteristic equations of Equation (16) were:

dt dx du
& SPn1¢Phi, FERL N R KrD(Ty — Th) (19)

If the average fluid velocity vy =my1/(S-p 1) was fixed, Equation (20) can be obtained:

% = SPn1CPh1, % = Un15Pn1CPh1, % = KnD(T — Th) (20)
and their solutions were:
t = Spnicpnis + G (21)
X = Up1Spn1cpm1s + C2 (22)
—In(Tpy — Tyo) = KnDs + C3 (23)

s can be eliminated by Equations (21), (23) and (24) was obtained:

KD
—In(Ty —Tq) = mt +Ca (24)
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The constant C3; was determined by the initial condition (when t = 0, T = Tyg),

that was:
T20 - T ( K?TD

P SpPn1¢Pm1

——— —ex t), = (x > oyt 25
Too — Tog ) ( hit) (25)
s can be eliminated by Equations (22), (23) and (26) was obtained:

KnD

—In(Tog—T4) = ——
(o = Th) Uh15Ph1CPh1x

Ca2 (26)

The constant C3; was determined by the boundary condition (when x =0, T = Tyy),

that was:
T20 -T ( KrtD

= —exp| ————
Ty — Tho Uh1SPh1¢Ph1

s can be eliminated by Equations (21), (22) and (28) was obtained:

x>, — (x < vpt) (27)

X =ovpt+Cio (28)

Equation (28) was the basis for determining the application scope of Equations (25) and (27).
Under specific temperature conditions, the corresponding temperature curve results in the
heat exchanger can be solved.

3.2. Model and Solution Method of Pyrolysis Steam Coupled Multi-Stage Condensers

From the heat transfer relationship of a single condenser, the condensation characteris-
tics of the internal fluids can be obtained. A single condenser can be connected in series to
obtain multi-stage condensers. Each condenser was separately proposed as a heat exchange
unit, and only had the input and output of hot (pyrolysis steam) and cold fluids, where the
output hot fluid of the previous stage was used as the input hot fluid of the latter stage,
and the multi-stage condensers can be simplified and combined. Taking the four-stage
condensers as an example, the structure and model are shown in Figure 3.

I:cl,in I:02,in I:03,in I:c4,in

I:(:1,out I:c2,out I:03,out I:c4,out

Figure 3. Schematic diagram of the multi-stage condensers model.

Therefore, the key was to reasonably establish the relationship between the output
fluid parameters of each stage and all external input fluid parameters before this stage. In
actual operation, the mass flow rate and temperature of the input hot fluid Fy; ;, and the
input cold fluids Feq in, Fe2in, Fe3in, and Fes in Of each stage condenser were fixed values.
When the structure parameters of the condensers were determined, the mass flow rates
and temperatures of the output hot fluid Fi1 out (Fh2,in), Fr2,out (Fhs,in), and Fr3 out (Fha,in),
and the final output fluid Fpy o, (Fhs) were only related to the input parameters.
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In the actual experiment process, after biomass (larch was selected in this study) parti-
cles were pyrolyzed at 550 °C and gas—solid separation, the temperature of the pyrolysis
steam entering the multi-stage condensers can be assumed to be 400 °C [22] and the main
physical properties of the composition of the pyrolysis steam at the qualitative temperature
are shown in Table 3 [11]. The weighted averages of the components of the above pyrolysis
steam are calculated to obtain the model compound that entered the first-stage condenser,
as shown in Table 4. The thermodynamic calculation of the first-stage condenser can be
performed, and then the outlet temperature of the hot fluid was obtained. The composition
of the pyrolysis steam at this temperature and its respective main physical properties [23]
were checked and obtained, and a weighted average was performed to obtain a new model
compound. Then, the hot fluid entering the second-stage condenser can be obtained, and
the thermodynamic calculation of the second-stage condenser can also be performed, which
was similar to that of the third and fourth-stage condensers.

Table 3. Composition of Pyrolysis Steam Produced from Larch and The Physical Properties.

Physical Properties at the Qualitative Temperature

Compound Content, %
Thermal
Specific Heat . Dynamic Viscosity, . .
. o Density, kg/m? 5 p. Conductivity,
Capacity, kJ/(kg-°C) 10> Pa's W/(m-°C)
Acetic acid 16.67 2.176 0.398 0.016 0.048
Ethyl acetate 5.76 1.943 0.143 1.731 0.049
Resorcinol 493 2.559 0.427 1.278 0.031
2,5-diethoxy 252 1.879 0212 0.015 0.039
tetrahydrofuran
7-hydroxy-3-
Methylcyclopent 2.02 2.438 0.268 0.012 0.034
-7-enone
7-methoxyphenyl acetate 1.99 3.311 0.166 0.015 0.044
4-propenyl-7- 1.82 2252 0.145 0.019 0.032
methoxyphenol
4-hydroxy-7-
methoxybenzaldehyde 6.74 1.781 0.181 0.016 0.061
Catechol 5.84 3.933 0.242 0.013 0.035
Furan aldehyde 493 1.344 0.221 0.019 0.065
3-methoxybenzaldehyde 2.77 3.801 0.187 0.014 0.043
Phenol 2.54 1.943 0.455 0.016 0.041
7-methoxy-4 1.84 1.478 0.153 1514 0.039
-methyl phenol
Water 38.31 3.715 0.912 0.054 0.062

Table 4. Model Compound (Hot Fluid) Properties of the First-Stage Condenser at the Qualita-
tive Temperature.

Specific Heat Dynamic Viscosity, = Thermal Conductivity,
Capacity, kJ/(kg-°C) 10-5 Pa-s W/(m-°C)

2.883 0.529 0.249 0.053

Density, kg/m?

4. Numerical Simulation
4.1. Scheme Comparison

First, the first-stage condenser was taken as an example, the mathematical models
of the four schemes were solved separately, and the basic thermodynamic characteristics
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were obtained and analyzed. The my,; =3 x 1073 kg/s, Ty =400 °C, and T, = 80 °C were
retained and the changing trends of the hot fluid outlet temperature and thermal load
in the dual tube heat exchanger with the mass flow rate of the cold fluid are shown in
Figure 4. Figure 4a shows the comparison of the hot fluid outlet temperatures. It can be
seen that as m.j increased, the hot fluid outlet temperature gradually decreased, and it
was the lowest and the declined most rapidly in Scheme 1. The heat exchange of the cold
and hot fluids in Scheme 4 was the worst, indicating that placing the hot fluid in the inner
tube of the condenser can achieve more sufficient heat exchange. It was worth noting
that, compared with Scheme 2, the hot fluid outlet temperature in Scheme 3 was lower,
indicating that when the hot and cold fluids flowed countercurrently (the flow directions
of the cold and hot fluids were opposite), the heat exchange was better than that of the
cocurrent flow (the flow directions of the cold and hot fluids were the same), because the
average temperature difference of the countercurrent heat exchange was larger. Figure 4b
compares the thermal load of the four schemes, and the thermal load referred to the total
energy of heat transfer. It can be seen that as m,; increased, the thermal load in Scheme 1
was higher and the increasing trend was greater, which also showed that it was more
sensitive to m.; and the adjustable range was larger. The thermal load in Scheme 3 was
higher than Scheme 2, which showed again that the countercurrent heat transfer effect was
better. In summary, Scheme 1 was more suitable for realizing highly efficient heat exchange
between cold and hot fluids.

280
o ,
T 260
=
(] A
5 240
o
IS
2 220
o
3 200
=]
=
5 180
T
160 1 1 1 1
1 15 2 2.5 3 x107°
Mass flow rate of cold fluid(kg/s)
(@)
2000
—— Scheme 1
- - - Scheme 2
© Scheme 3
,\1500 ---=- Scheme 4
s
©
© _
3 -
= 1000 - -
£ L
s -
=
500

0 1 1 1 1
1 15 2 25 3 x1073
Mass flow rate of cold fluid(kg/s)

(b)

Figure 4. Comparison of the thermodynamic characteristics of the four convective heat transfer
schemes ((a) fluid temperature distribution; (b) thermal load).
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4.2. Thermodynamic Characteristics

To determine the most suitable number of condensation stages, refer to the commonly
used stages in the existing literature [24-26], connecting three, four, five, and six condensers
in series. The my; =3 x 1073 kg/s, Ty in =400 °C, Te1 in =80 °C, Te,in = 70 °C, Tez n = 50 °C,
Tesin =30 °C, Tes,in = 20 °C, Tegin = 10 °C, and m1¢ in each condenser remained the same, the
hot fluid outlet temperature and the thermal load changes at the last stage of the condenser
with m. were obtained at different condensation stages, as shown in Figure 5. It can be
seen that as m. and the number of condensation stages increased, the hot fluid outlet
temperature and thermal load of the final stage in the multi-stage condensers decreased
and increased, respectively. At the same time, when the four, five, and six condensers
were connected in series, the difference in the hot fluid outlet temperature and thermal
load of the last stage was very small, and the system achieved sufficient heat exchange.
Continuing to connect condensers in series can basically not have a greater impact on the
overall thermodynamic characteristics, illustrating that when the number of condensation
stages reached four, the thermodynamics of the system achieved dynamic equilibrium, so
the four-stage condensers in series were selected as the final scheme.

100

—— Three—stage
- - - Four—stage

Five-stage
----- Six—stage

90

80 .
70F 0 s

60k __ ........ ST T

Hot fluid outlet temperature of last
stage(°C)

50 1 1 1 1
1 1.5 2 25 3 x1073
Mass flow rate of cold fluid(kg/s)
(a)
4000
3500 | T
<3000} -7
© ”, - -
C_g 2500 |- .
g 2000F -
) -7
= . —— Three—stage
F 1500 - - - Four—stage
Five—stage
1000 ----- Six-stage
500 1 1 1 1
1 1.5 2 25 3 x1073
Mass flow rate of cold fluid(kg/s)

(b)

Figure 5. Comparison of the thermodynamic characteristics of the different numbers of condensers
((a): outlet temperature; (b): thermal load).
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Similarly, keeping my; =3 x 103 kg/s, Th1in =400 °C, Tc1,in =80 °C, Tepin =70 °C,
Te3in =50 °C, Teain = 30 °C, and m. in each condenser the same, the relationship of the
overall heat transfer coefficient in each condenser and mass flow rate of cold fluid of the
four-stage condensers was obtained, as shown in Figure 6. It can be seen that the overall
heat transfer coefficient of the first-stage condenser was the largest, and as the number of
condensation stages increased, the overall heat transfer coefficient decreased successively,
indicating that the heat exchange of the hot and cold fluids mainly occurred in the first-stage
condenser, and even if 1. of the subsequent condensers increased, its overall heat transfer
coefficient cannot increase significantly, indicating that the heat transfer process reached
saturation. At the same time, it showed that the four-stage condensers in series completely
realized the heat exchange of hot and cold fluids.

40

30F L eole-==m=mT

— First-stage
- - - Second-stage
-+ Third-stage

---- Fourth-stage

N~ ea= T

10

...........

Overall heat transfer coefficient
(W/(m?2-°C))
N
o

O 1 1 1 1
1 15 2 25 3 %1073
Mass flow rate of cold fluid(kg/s)

Figure 6. Comparison of the overall heat transfer coefficients of each stage of the four-stage condensers.

4.3. Operation Characteristics

Next, the regulating characteristics of the four-stage condensers were studied to
evaluate the operation characteristics of the entire condensers system. It can be seen from
the above results that the mass flow rate of the cold fluid had a significant impact on the
heat transfer effect of the condenser. In order to further explore the behavior of the mass
flow rate of the cold fluid at each condenser level on the thermodynamics of the system,
the changing trends of the hot fluid outlet temperature and thermal load were investigated.

Similarly, keeping m; =3 x 103 kg/s, Th1in =400 °C, Tc1,in =80 °C, Tepin = 50 °C,
Te3in = 30 °C, and Ty jn = 10 °C the same, only the mass flow rate of cold fluid in the
one-stage condenser was changed, while other three condensers remained at 1 x 1073 kg/s,
and the regulating relationship between the hot fluid outlet temperature and the mass
flow rate of the cold fluid of each condenser in the four-stage condensers was obtained,
as shown in Figure 7. In Figure 7a, as m.; increased, the hot fluid outlet temperature at
each stage condenser dropped rapidly and then slowly, and the temperature changes in
the subsequent three-stage condensers gradually decreased, even the changing trend of
the temperature curve of the fourth-stage condenser was close to linear. In Figure 7b,
when m changed, the hot fluid outlet temperature in the first-stage condenser remained
unchanged, and the hot fluid outlet temperature of the subsequent three-stage condensers
also dropped rapidly and then slowly. However, the changing magnitude of the curve was
significantly lower than that in Figure 7a, and when the mass flow rates of the cold fluid
in the first- and second-stage condensers were the same, the hot fluid outlet temperatures
were much higher. Figure 7c,d is the same as the above two figures. The above results
indicated that in order to quickly reduce the hot fluid outlet temperature, the key was to
increase the mass flow rate of the cold fluid in the first-stage condenser, quickly realize
the heat exchange between the cold and hot fluids and increase the mass flow rates of the
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cold fluid in the subsequent condensers; even if they increased a lot, the hot fluid outlet
temperature may still be higher.

At the same time, in the same operation conditions, the regulating relationship be-
tween the thermal load and the mass flow rate of the cold fluid of each condenser in
the four-stage condensers was obtained, as shown in Figure 8. In Figure 8a, as m; in-
creased, the thermal load of each condenser gradually increased, and the thermal load of
the first-stage condenser changed the most. The reason was that the temperature difference
between the cold and hot fluids in the first-stage condenser was the largest, and the total
heat exchange was also the largest. In Figure 8b, as m,; increased, the thermal load of
the first-stage condenser remained unchanged, and the changing trend of the thermal
loads of the subsequent three-stage condensers were the same, but the amplitudes were
significantly lower. The reason was that although the mass flow rate of the cold fluid in
the first-stage condenser was low, the hot fluid temperature still dropped, resulting in a
decrease in the subsequent thermal load. Figure 8c,d is the same as the above two figures.
This phenomenon also illustrated the importance of the first-stage condenser for the heat
transfer efficiency of the entire system.
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Figure 7. Regulating relationships between the output hot fluid temperature and mass flow rate of
the cold fluid in each condenser.
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5. Experimental Verification
5.1. Apparatus and Method

To verify the above theoretical calculation conclusions, the pyrolysis steam coupled
four-stage condensers experimental apparatus was set up, as shown in Figure 9. The
high-temperature pyrolysis steam (400 °C) produced by the pyrolysis reactor entered the
first-stage condenser after gas—solid separation. When the heat exchange was completed,
the ball valve at the bottom of the condenser was opened to collect the condensed products,
and the remaining gas entered the second-stage condenser for the second heat exchange,
and so on. Finally, the non-condensable gas was discharged after four heat exchanges.
The four-stage condensers were equipped with heaters to heat the cold fluids in the water
tanks at 80, 50, 30, and 10 °C, and the mass flow rate varied from 1~3 x 1073 kg/s. The
thermometers were used to monitor the temperature of the cold fluid to adjust the heater
power. The flowmeters on the cold fluid pipelines were used to measure the mass flow rate,
and the ball valves were used to relieve the pressure to ensure the safety of the system.

—— Hotfluid ——= Cold fluid

Figure 9. Schematic diagram of the four-stage condensers experimental apparatus for thermodynamic
characteristics: (1) dual tube heat exchanger; (2) pyrolysis steam inlet; (3) ball valve; (4) heater;
(5) water tank; (6) circulation pump; (7) thermometer; (8) rotor flow meter; (9) non-condensable

gas outlet.

The purpose of the experiment was to set the mass flow rate and temperature of
the cold fluid, measure and calculate the hot fluid outlet temperature of the final stage
condenser and the yield of the collected liquid product of each condenser, and compare
them with the theoretical calculation results. To facilitate the operation, the mass flow rate
and temperature of pyrolysis steam were kept constant, and only the mass flow rates of the
cold fluids were changed.

5.2. Results and Discussion

The hot fluid outlet temperature of the final stage at different cold fluid mass flow
rates was measured experimentally, and compared with the calculated results, as shown in
Figure 10. It can be seen that as the mass flow rate of the cold fluid increased the calculated
values and the measured values were in good agreement, and the maximum deviation did
not exceed 10%. The reason may be that the hot and cold fluids had more heat exchange
with the outside environment during the actual experiment, and the thermal preservation
was insufficient.
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Figure 10. Experimental verification of the hot fluid outlet temperature of the four-stage condensers.

At the same time, when the mass flow rate of the cold fluid of each stage condenser was
3 x 1072 kg/s, the yield range of the liquid product of each stage condenser was obtained,
as shown in Figure 11. It can be seen that the yield of the first-stage condenser was the
highest and had the largest fluctuation range and yields of the subsequent condensers
decreased sequentially. The reason was also that the first-stage condenser, as the main place
for the heat exchange of hot and cold fluids, must have the most condensed products. The
gradual decrease in the fluctuation range was likely to be caused by the liquefaction of
water steam. The above results demonstrated the importance of the first-stage condenser,
and its liquid product yield was higher than the literature results [12,27].

/
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Figure 11. The liquid product yield collected by each condenser of the four-stage condensers.

6. Conclusions

The multi-stage condensers, where the pyrolysis steam and water conducted coun-
tercurrent convective heat exchange, were designed to facilitate staged condensation and
recovery of pyrolysis oil. The single condenser model was established for the discipline
of the heat transfer between the internal fluids. Then, the model of the pyrolysis steam
coupled multi-stage condensers was proposed to study the effect of the mass flow rate of
cold fluid of each condenser on the thermodynamic characteristics of the entire system.
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Finally, this developed model was verified experimentally, indicating that it was highly
rational. The main conclusions were as follows:

(1) According to the flow direction of the cold and hot fluids, and the structural character-
istics of the dual tube heat exchanger, four condensation schemes of pyrolysis steam
convective heat exchange were proposed to achieve rapid condensation and recover
liquid products.

(2) The single condenser models of the four schemes were established. Based on the
control micro-element, the heat transfer disciplines of the internal fluids were obtained
with the help of the heat transfer differential equation. The numerical simulation
results showed that the convective heat transfer effect of the cold and hot fluids in
Scheme 1 was best. At the same time, with the help of the concept of the model
compound, the pyrolysis steam coupled multi-stage condensers model was proposed.
The thermodynamic characteristics of with four different numbers of the condensers
in series were also simulated. The results showed that when the number of condensers
in series was four, the heat transfer process of the system reached saturation, and the
heat exchange of the cold and hot fluids was completely realized, and it was of little
significance to continue to connect more condensers in series for the condensation of
pyrolysis steam.

(38) Further calculations were carried out for the four-stage condensers, and the basic
thermodynamic and operation characteristics were obtained. The results showed that
in order to quickly reduce the hot fluid outlet temperature, the key was to increase
the mass flow rate of the cold fluid in the first-stage condenser. While the mass flow
rates of the cold fluid in the subsequent condensers increased a lot, the hot fluid outlet
temperature may still be higher. The first-stage condenser was critical to the heat
transfer efficiency of the entire system.

(4) The four-stage condensers experimental apparatus was set up and experimental
verification was carried out. The results showed that the calculated values obtained
by the developed model were in good agreement with the measured values, and the
deviation did not exceed 10%, better than the results of the literature [12,27]. At the
same time, the liquid product yields of each condenser at the fixed conditions were
obtained, which also showed the importance of the first-stage condenser.

A possible future research focus: we need to focus on analyzing the purity of the
products obtained by each condenser, infer the pros and cons of their respective condensing
states, to provide more guidance for the selection of actual operating parameters.
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Nomenclature

Symbols

F fluid

CpPclin average constant pressure specific heat capacity of the fluid in the outer tube, kJ/(kg-°C)
CPh1 average constant pressure specific heat capacity of the fluid in the inner tube, kJ/(kg-°C)
D diameter of the inner tube, m

K overall heat transfer coefficient, W/(m?2-°C)
Mq1in  mass flow rate of fluid in the outer tube, kg/s
Mp1 mass flow rate of fluid in the inner tube, kg/s
S cross-sectional area of the inner tube, m?

T temperature, °C

t time, s

v average fluid velocity, m/s

Agq thermal energy of the micro-element section, |
Ax length of the micro-element section, J

Greek Letters

o density, kg/m?3

Subscripts

d cold fluid

hot hot fluid

in parameters of the fluid inlet

out parameters of the fluid outlet

1 first-stage condenser
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