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On Synthesis and Optimization of Steam System Networks. 3. Pressure Drop
Consideration
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Heat exchanger networks in steam systems are traditionally designed to operate in parallel. Coetzee and Majozi
(Ind. Eng. Chem. Res. 2008, 47, 4405—4413) found that by reusing steam condensate within the network the
steam flow rate could be reduced. This was achieved by restructuring the networks into a series design, with the
consequence of greatly increasing the pressure drop of the system. The boiler return condensate temperature was
also reduced, which was found to decrease the boiler efficiency. Maintaining the boiler efficiency has been considered
in the first two papers in this series, and pressure drop is introduced in this paper. The formulations from the
previous two papers are used to find the minimum steam flow rate for a HEN while maintaining the boiler efficiency.
The network exhibiting the minimum pressure drop for this flow rate is then designed using the critical path algorithm.
The boiler efficiency is maintained using the constraints explored in papers I (Ind. Eng. Chem. Res. DOI: 10.1021/
ie1007008) and II (Ind. Eng. Chem. Res. DOIL: 10.1021/ie1008579) of this series. The minimum pressure drop for
the network exhibiting the minimum flow rate found in paper I was 344.4 kPa; however, the flow rate was reduced

by 29.6% as shown in paper 1.

1. Introduction

Heat integration using the principles of reuse and recycle is very
effective at reducing the utility requirement of a system. One of
the major consequences of this reuse and recycle is the consequent
increase in the pressure drop of the system, as in cooling systems
investigated by Kim and Smith.” The increased pressure drop could
lead to the need for additional fluid movers in retrofit design and
additional capital expenditure in grassroot design. Thus, pressure
drop is often included as an optimization objective in many heat
exchanger network (HEN) design techniques.

Several attempts at minimizing pressure drop have been done
by the likes of Jegede® and Jegede and Polley.* These authors
attempted to optimize the heat transfer coefficient, or / values,
and then calculate pressure drop based on these & values because
they are closely related in heat exchanger design.” A flaw in
this approach can be picked up instantly as the optimal pressure
drop is in fact not determined, but it is simply the byproduct of
another optimization. Also this work did not consider the
intrinsic relationship between the pressure drop and the network
structure or even the number of heat transfer units, or shells.

Nie and Zhu® identified the need to consider pressure drop
in a HEN retrofit design. The changes to the HEN could be as
a result of changes to the process or even plant expansion. They
found that pressure drop is complex as it is dependent not only
on the process streams themselves but also on the network
topology. Nie and Zhu’ consider another aspect of heat
exchanger network design that adds to capital cost. Pressure
drop occurs in all fluid movement since fluids are most
commonly transported from a point of high pressure to one of
lower pressure. Sometimes this pressure drop becomes too high
and reduces the effectiveness of the HEN. Pumps and compres-
sors are used to overcome pressure drop, but these add to the
capital cost of the design. As such, the authors seek to minimize
pressure drop for the network. Pressure drop is largely intercon-
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nected with other design variables. As a result, the authors
determine the optimal AT,,;, for the network by a three-way
trade-off with heat transfer area, utilities, and pressure drop.

Kim and Smith® worked on a heuristic approach to cooling
system design that considered both the cooling tower and the
heat exchanger network. They improved the cooling tower
performance by decreasing the cooling water flow rate to the
HEN. This was achieved by reordering the parallel HEN into a
series structure. Kim and Smith? then proceeded to examine
the effects of water reuse on the pressure drop for the system.
Additional pressure drop creates a problem in retrofit designs
as additional fluid movers may be required to compensate. This
increases the capital cost of the retrofit operation. Thus, the
authors attempted to a find a means of minimizing pressure drop
in a systematic manner. The authors develop a mathematical
model by using a novel node representation and simple yet
accurate approximations for pressure drop. The resulting MINLP
is then linearized using various relaxation or approximation
techniques so as to give a feasible solution. The pressure drop
for the network is then minimized using mathematical program-
ming. These steps are intended to guide designers to retrofit
designs that could eliminate the need for additional cooling
capacity or fluid-moving capacity.

2. Problem Statement

The steam flow rate to a HEN can be reduced using the
techniques developed by Coetzee and Majozi.! The boiler
efficiency can be maintained with the minimum flow rate by
incorporating the appropriate preheaters mentioned in the first
paper of this series. The restructuring of the HEN has the adverse
effect of increasing the pressure drop for the network. The
problem addressed in this investigation can be formally stated
as follows.

Given:

* a steam boiler with known efficiency,

¢ a set of heat exchangers linked to the boiler with limiting
temperatures and fixed duties,
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Figure 1. Typical steam system layout.

* turbines and background heat exchangers also linked to the
boiler, and

* the predetermined minimum flow rate for the heat exchanger
network

determine the minimum network pressure drop for a system
with the minimum steam flow rate and design a network that
achieves this pressure drop without compromising the boiler
efficiency (BE).

3. System Description

The system consists of a steam system as shown in the
previous two papers in this series. The focus will be on the
HEN itself and how it can be rearranged to minimize
the pressure drop. The BE constraints will need to be included,
and as such, the system includes all turbine and boiler elements.

Figure 1 shows a typical steam system in the context of
this investigation. Superheated high-pressure steam is pro-
duced inside the steam boiler and is shown as stream 1. A
portion of this steam is sent to a high-pressure steam turbine,
stream 2, where energy is recovered from the steam in the
form of shaft work. The rest of the steam from the boiler is
sent directly to a process through a let-down valve, stream
3, for pressure reduction and to remove the sensible heat so
that the latent heat can be used in the appropriate set of heat
exchangers, shown as process 1. The exhaust from the high-
pressure turbine is used further in a medium-pressure turbine,
stream 4, and/or taken directly to another set of heat
exchangers, represented by process 2, through a let-down
valve that regulates the pressure in accordance with process
requirements as stream 5. The exhaust from the medium-
pressure turbine can also be used in a set of heat exchangers,
represented by process 3 and shown as stream 6.

When the steam leaves the processes, it is either saturated or
subcooled condensate, shown as stream 7. This condensate is
then collected in a condensate tank before passing through a
condenser en route to the boiler. The condenser is to prevent
cavitation in the pump. Before entering the boiler, the conden-
sate, stream 8, passes through a preheater. Some make-up water
is also added to the condensate return, but this has been omitted
from the diagram for the sake of simplicity.

4. Pressure Drop through HEN Elements

In a HEN, pressure can be lost through the likes of pipes
and heat exchangers. Pressure drop correlations are therefore
needed in the form of constraints so as to incorporate this into

the optimization framework. Many correlations exist in litera-
ture; however, those used by Kim and Smith? are the most
appropriate as they are readily integrated with flow rate, which
is already a variable in the current HEN model developed in
the first paper in this series. The correlations are derived from
the work of Nie” where pressure drop is calculated for
conventional shell-and-tube heat exchangers.

4.1. Heat Exchanger Pressure Drop. According to the
rigorous derivations by Nie,? the tube-side pressure drop for a
heat exchanger is much more easily determined than the shell-
side pressure drop. As such, it will be assumed that the steam
and condensate pass through the tube side of the heat exchanger
as this will help integrate pressure drop for the HEN optimiza-
tion problem.

The function for pressure drop presented by Kim and Smith?
is shown in constraint 1.

AP, = N,V + N,V? (1)

This constraint was originally derived based on fluid velocity
but was adapted by Kim and Smith® for volumetric flow rate.
According to Nie,” the two terms account for the pressure drop
as a result of the friction loss in the tubes and the loss as a
result of sudden contractions, expansions, and flow reversals.
The two factors N, and Ny, are shown in constraints 2 and 3
below.

08 08 28
_ L115567p W ny A
Ny = 238 28 ; 148 @)
T Ndd™

3
_ 201y
a N2d*

3

2

In constraints 1—3, AP, is the tube-side pressure drop, V; is
the tube-side volumetric flow rate, p is the fluid density, u is
the fluid viscosity, ny, is the number of tube passes, A is the
heat transfer area, N, is the number of tubes, d, is the outside
tube diameter, and d; is the inside tube diameter.

Many of the terms in these constraints such as the heat
transfer area, the number of tubes, and the tube dimensions
are very much interrelated in the heat exchanger design. As
such, Kim and Smith? use certain industrial design guidelines
to demonstrate pressure drop in their case studies. These
guidelines, as well as those used for this work, will be
discussed in Appendix A.

Condensers also appear in the networks developed thus far,
and this pressure drop must be catered for. According to Sinnot,’
the pressure drop through condensers where total condensation
occurs can be approximated by calculating the pressure drop in
the conventional fashion using the inlet vapor conditions and
multiplying this by a factor. Two factors are put forward, the
first by Kern,'® who suggests a 50% factor, and the second by
Frank,"'" who suggests 40%. Since 50% will be the more
conservative option, this will be used throughout the model.
Thus, the condenser pressure drop will be approximated by
constraint 4, where N,; and N,, are equivalent to those for
constraint 1.

AP, = 0.5(N V" + N,V )

4.2. Piping Pressure Drop. Kim and Smith? define the
piping pressure drop according to constraint 5. This is derived
from commonly used pressure drop correlations, as well as a
friction factor by Hewit et al.'” to approximate the Fanning
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friction factor. In constraint 5, NpEX is a factor to relate fluid
properties and the pipe structure as shown in constraint 6.

APy = N2V, '8 (5)

ex _ 111557 p"*u*’L
nl,S D_4.8

1

Ny (6)

In constraint 6, L is the pipe length and D; is the pipe inside
diameter. Since the diameter is a design choice, Kim and Smith?
use an economic trade-off of the optimal pipe size suggested
by Peters and Timmerhaus'® where the optimal pipe diameter
is given as a function of volumetric flow rate and fluid density.
Using this relation, constraints 5 and 6 are rewritten as
constraints 7 and 8, respectively.

1
APy = N —— (7)
Ve
NV = 183.3{&18‘)04176/4042[4 ®)

In constraint 7, it can be seen that pressure drop is now an
inverse function to volumetric flow rate, which seems counter-
intuitive. The relation by Peters and Timmerhaus,'® however,
ensures that every time a new velocity is chosen the optimal
pipe diameter is used, giving the inverse relation. This is
advantageous, however, because now all of the piping and heat
exchanger pressure drops are a function of volumetric flow rate
and constants relating to the heat exchanger structure.

4.3. Pressure Drop With Respect to Mass Flow Rate. The
heat exchanger and piping pressure drops shown in constraints
1—4, 7, and 8 can be changed so that they can accommodate
the fluid mass flow rate, which is used in the first paper in this
series. Constraints 9—12 show these adjustments for the heat
exchangers and condensers, whereas constraints 13 and 14 show
the adjustment for the piping correlations. These correlations
will be used for pressure drop through equipment in the
following section.

AP, = Nitm* + N 9)
1115567 #2°n,tA
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. 188.318
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5. Constraints

Three separate aspects must be modeled in this formulation.
The first two aspects are the HEN design model and the BE
constraints for both the sensible heat preheater and the dedicated
preheater. These constraints are developed and discussed in far
greater detail in the first paper in this series. As such, only the
primary constraints will be shown below for completeness.
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Figure 2. Superstructure used for mass and energy balances.

The third aspect is that of network pressure drop. The
minimum steam flow rate is found using the first two models.
The pressure drop constraints are then used to create a network
that exhibits the minimum pressure drop for that particular flow
rate. Therefore, the HEN and BE models will be used to find
the flow rate. This flow rate and the boiler efficiency will then
be fixed while all three models are incorporated to find the
minimum flow rate. The HEN model is needed to design the
minimum pressure drop network, whereas the efficiency con-
straints are used to ensure the boiler efficiency is maintained.

5.1. HEN Model. The first paper in this series contains the
description of the derivation of the HEN model, which was first
derived by Coetzee and Majozi." Essentially, this model is used
to find the minimum steam flow rate for a particular HEN. It
then also constructs the network to correspond to that flow rate.
Figure 2 is used to derive the mass balances for the individual
heat exchangers as well as the entire network, which are shown
by constraints 15—35 below.

FS= ) ss, (15)

iel
F, =SS+ > F Viel (16)

' jer "
Foo =Fg + X Fpg Viel (17)
jel

FB= Y Fy (18)

iel
Fin» = Fout VZ el (19)
Fy=FB (20)

Binary variables are used to specify which heat exchangers
are heated by latent or sensible energy. A single heat exchanger
can have a dedicated source or be allowed to use either. These
are dealt with by using constraints 21—25 or constraints 21—24
as well as constraints 26 and 27, respectively.

ssV== Viel 1)
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The energy to heat a process stream can consist of latent
energy, designated by constraint 28, or by sensible energy shown
in constraint 29. Constraint 30 is then the total energy used to
satisfy the duty of a process stream.

Q) =SSL Viel (28)

Q{“ = Z(CPSL]»’,-TW) + Z(CPLJ'JTOUP) B
jei jel !
(CpFout»Toul.) Vl € I (29)

0,=0"+0" Viel (30)

The saturated and subcooled condensate flow rates throughout
the network must also be controlled. As such, constraints 31—34
are employed as mass balances for the different types of
condensate.

Frr, = SLj; + L, Vijel 31)

Fr = Fys + Fy, Viel (32)

SS,= D SL,+ Fys Viel (33)
jel

DSLy+ D Ly= D SL+ Fy Viel (34)

Jjel jel jel

Constraint 35 is used to prevent local recycle, which is
inappropriate for thermodynamic reasons.

L;=0 VijelLi=] (35)

The objective function is then to minimize the steam flow
rate throughout the network; this is shown by constraint 36.
The model in its current form is of the MINLP variety, with
constraint 29 being the only nonlinear constraint. As in the first
paper of this series, the condition of optimality demonstrated
by Savelski and Bagajewicz'* will be used to linearize this
constraint and transform the HEN model into an MILP (shown
in eq 4.22).

minZ = FS (4.22)

5.2. Boiler Efficiency Model. The relevant BE constraints
derived in the first paper in this series will be shown below.
Figure 3 shows the steam system and the origin of associated
stream flow rates and temperatures. In the first paper in this
series, the boiler efficiency is maintained by preheating the boiler

Preheater  using
HP sensible heat

Q ®)

Figure 3. Steam system with streams for boiler efficiency.

return stream using a sensible heat preheater or a dedicated
preheater in the HEN. These formulations will be used again
and investigated separately when considering the various
network pressure drops.

The main process outlet flow rate, shown as stream 1, is
calculated by the HEN model, whereas the temperature is
calculated by constraint 36. Stream 2 originates from the
turbines, and the flow rate and temperature are assumed constant
due to the fixed power ratings. Streams 1 and 2 join to create
stream 3, which proceeds to the pump. The temperature of this
stream is calculated by constraint 37. This stream is then
preheated to create stream 4. This stream then proceeds to the
boiler, and its temperature is calculated by constraint 38. The
boiler efficiency is then calculated by constraint 39.

ZFRS,TSM + ZFRL,TJCTuli

iel iel

Tproc = FS (36)
T = (TprocFS) + (Tluerturb) (37)
pump (FS + Fyu)
FS(h,,, — h,)0
Toot = _swp  sal (38)

pump (FS + Fune,

ql(FS + F,)IF"]

- [e)(To = Toor) + q)I(1 + BY(FS + F)/FY) + al
(39

Ty

In the event that the boiler efficiency cannot be maintained
with the available sensible heat, two scenarios exist. First, the
boiler efficiency can be maintained with a compromise in the
steam flow rate. In this case, the minimum steam flow rate is
relaxed by adding a slack variable to the flow rate components
of constraint 39. This variable is then minimized as the objective
function. The second scenario involves the minimum flow rate
being fixed with a compromise in boiler efficiency. In this case,
the boiler efficiency is relaxed by adding a slack variable to
this term in constraint 39. This slack variable is then also
minimized.

The second means to maintain the boiler efficiency is using
a dedicated preheater, also discussed in the first paper in this
series. Figure 4 shows the steam system with the dedicated
preheater.
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Figure 4. Steam system with dedicated preheater.

Constraints 36 and 37 are used to calculate the process outlet
temperature and pumping temperature, respectively. As before,
stream 3 then passes through a preheater; however, this preheater
is part of the process. The boiler return temperature is calculated
by constraint 40. The subscript i* in the constraints refers to
the additional dedicated preheater. The duty Q;« is calculated
by constraint 41. The limiting temperatures for the preheater
are then the pumping and boiler return temperatures that are
adjusted by the minimum approach temperature as shown in
constraints 42 and 43.

Qi
T i T, m (40)
P (B + slack” + Fupe,
O = SSph + D (c,SL; Ty + Z(CPLj_i*Tomj) _
jel jel
[choull*(Tboil + ATmin)] VI* el

(41)
Ti';m = Tpump + ATmin Vitel (42)
out, = Tbuil + ATmin Vit e I (43)

Using these formulations, the boiler efficiency can be
maintained for a given steam flow rate. The network is then
rearranged to find the minimum pressure drop that corresponds
to that flow rate.

5.3. Pressure Drop. Recycle and reuse of condensate in a
HEN may reduce the utility flow rate; however, the series nature
of the network increases the pressure drop. Kim and Smith?
identified the need to minimize pressure drop in such systems
from their work in cooling systems. By following a similar
approach, pressure drop will be minimized for the HEN in steam
systems.

5.3.1. Pressure As an Intensive Property. It has been
widely established that pressure drop in HENs is not only
dependent on stream variables such as flow rate, but also on
the network layout. To account for the network layout, Kim
and Smith? use the concept of the critical path algorithm (CPA)
developed by Gass,'® which is well understood in mathematical
programming. The total pressure drop of the network is
essentially represented by the largest pressure drop of a
connection of streams. This critical path should then be
minimized to find the minimum pressure drop of the system.

Figure 6. New node superstructure that accommodates phase change.

Kim and Smith? use a node superstructure as a framework
to establish the CPA model. Nodes represent mixers that
combine streams before heat exchangers as well as splitters that
redirect streams after heat exchangers. Pressure is lost between
nodes in various HEN elements such as heat exchangers and
pipes. The mixers are linked to a source node, and the splitters
are linked to a sink node. The source node represents the
maximum pressure of the system, whereas the sink node
represents the minimum pressure of the system. The objective
is then to find the maximum pressure drop through the network
and then minimize this using mathematical programming.

The superstructure developed by Kim and Smith? to model
the pressure drop can be seen in Figure 5. The superstructure
greatly resembles that used for mass and energy balances in
the work on heating systems by Coetzee and Majozi' shown in
Figure 2.

This superstructure accurately caters for cooling systems,
where it is assumed the cooling water stays in the liquid phase.
To create the same type of node superstructure for steam
systems, multiple phases must be incorporated to deal with steam
and condensate. The pressure drop for condensers is different
to that of ordinary heat exchangers where the streams remain
in the same phase. Constraint 12 is therefore used for the
pressure drop for the initial part of the network. A new node
superstructure was developed to cater for steam systems and is
shown in Figure 6.

In the figure, it can be seen that the condensers are connected
to the main source node at source pressure Ps. Since it is
assumed that the steam loses minimal pressure in pipes, AP7ESS
is only as a result of the pressure drop in the condensers. The
distributing or splitting node after the condensers then has
pressure Pc.

This node is then connected to each condensate heat
exchanger’s source node or mixer Pg, as well as the final sink
node for return to the boiler Pg. The pressure drop in the pipes
between Pc and Py is a function of the saturated condensate
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flow rate, and the pressure drop is designated AP™SE. It must
also be noted that condensate can be reused by the same process
stream, and as such the AP;”5% and AP;P5 terms can exist.
The direct return to the boiler is accomplished by the saturated
return flow rate Fgs; thus, this pressure drop is designated
APPFrs,

Subcooled liquid, designated L, is used for the reuse of
condensate between heat exchangers. This has the associated
pressure drop APPL. The pressure drop for each heat exchanger
is a function of the sum of saturated and subcooled liquid
entering it. This is shown as AP#EL, Each splitter node has the
pressure Pa. The return stream to the boiler, Fg;, then proceeds
to the return mixer with pressure Pg. The pressure drop in the
pipes of this return stream is subsequently labeled APPFrr,

The CPA is adapted by Kim and Smith? to cater for pressure
drop. This is in the form of a difference in pressure between
nodes and the pressure drop between the nodes. This is
represented in a manner similar to constraint 44 below.

Py — Py = AP,y (44)

In constraint 44, it is implied that fluid flows from node A to
node B. The pressure difference between the nodes is essentially
a result of the piping pressure loss or the pressure loss through
a heat exchanger. Since the mixing nodes before a heat
exchanger may receive fluid from multiple sources, this
constraint will occur a number of times with different source
splitter nodes and consequently different pressure drop values.
The inequality in constraint 44 ensures that Pg assumes the
lowest pressure value that satisfies all of the constraints. In this
way, the node pressure is always at this low value when the
model is solved.

This constraint, though simple, is very elegant and effective
at finding the largest pressure drop path for the network.
However, since it will be used in conjunction with the HEN
model, a means of eliminating those nodes that do not exist
must be made. Kim and Smith®> use binary variables to
accomplish this. They establish a connection existence binary
variable for each connection in the network. This binary variable
takes the value of 1 if the connection exists and 0 if it does not.
An additional term is then added to constraint 44 to exclude it
for the cases where no connection exists. This is done by adding
a large pressure term such that it is satisfied for these cases.
The large pressure is represented by the term BP in constraint
45.

Py — Py + BP(I — y\p) = AP, 45)

The binary variables are created using the actual flow
variables that are part of the network design model. The only
nodes affected by this phenomenon are those that could possibly
receive multiple inputs. These are the Py and Pr nodes, the
mixers before the condensate heat exchangers and the boiler
return, respectively. Only four flow variables are associated with
these nodes and they are SL, L, Fgy, and Fgs. Each of the binary
variables requires two constraints as well as known upper and
lower bounds for the flow rates. Constraints 46 and 47 are used
to demonstrate this for the variable SL.

SL — SLY(ySL) < 0 (46)
SL — SL*(ySL) = 0 47

The binary variable will assume the value of 1 if the
appropriate connection is active. In constraints 46 and 47, SLY
and SLY are the upper and lower flow rate limits, respectively.

Constraints 48—53 represent the CPA constraints that exist based
on the superstructure in Figure 6.

Py — P = AP[™® Viel (48)
P, — Py — BP(1 = ySL;)) = AP Yije I (49)
P, — Py — BP(1 = yL;) = APIE Yije I (50)
P, — PR = BP(1 — yFg ) = AP}™ Vie I (51)
Pe, — Py = BP(1 — yFys) = APYTS Vie I (52)
Py — P, = AP[™ Viel (53)

The constraints shown above, as well as those showing the
various pressure drops, are combined to form the pressure drop
model. All that remains is to state the objective function. Since
the CPA finds the maximum pressure drop through the network,
the objective function then simply minimizes this pressure drop.
Constraint 54 is thus the objective function.

min Z = Py — Py (54)

A number of heuristic methods can be used to remove some
of the constraints. Topological restrictions are common, as are
simple aspects such as pressure gradient, because for a given
heat exchanger P, is less than or equal to Pg according to
constraint 53, which removes the option of local recycle.

5.3.2. Pressure Drop Constraints in Terms of Mass
Flow Rates. The HEN and pressure drop models use mass as
opposed to volumetric flow rates. As such, constraints 9—14
will be linked to the appropriate mass flow rate variables from
the HEN model. Constraints 55—60 show the appropriate
pressure drop elements used in the final formulation.

AP[HE,SS — O.S(N:’jSSil'S + N;"zSS,-z) Viel (55)

APHEL = Nﬁ( > st + ZL].J)I‘S +

jel jel
Nf‘z(ZSLj’IA— ZL],J.)2 Viel (56)
jel jel

The piping pressure drop relations for these flow rates will
be shown below. The pressure drop for the steam flowing from
the boiler to the condensers is considered negligible due to the
low density of steam and the density dependence of cons-
traint 9.

PSL _ aNwx_ 1 .
AP = Np —(SL‘.)O‘% Viel (57)
sl
.1
APE = NYV Viel (58)
Ji P 0.36
(L
1 .
APPrs = NYW W Viel (59)
RS,
. .
AP})’FRL = NII;IW W Yiel (60)
RL,

5.3.3. Solution Strategy. The mathematical intricacies of the
CPA require that it is solved independently from the other
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models. Thus, the boiler efficiency models will be used to find
a minimum flow rate. This flow rate will then be used in the
pressure drop model as a parameter. The actual boiler efficiency
constraints will also have to be included in the pressure drop
section to ensure that the efficiency is maintained, even if the
network is rearranged in finding the minimum pressure drop.
The number of heat exchanger splits can be included as a
variable or set manually. Since fewer heat exchanger splits are
favorable in terms of cost, the effect of varying this will also
be examined. The pressure drop models are nonlinear; as such,
these will be solved as a MINLP, whereas the flow rate
minimization models remain the combined MILP and MINLP.

6. Case Study

The case study first used by Coetzee and Majozi' was used
in the first paper in this series and, as such, is also used for the
pressure drop formulation. The results pertaining to the boiler
efficiency will be stated briefly and can be viewed in more detail
in the first paper in the series. The two preheating strategies
are explored separately, and the pressure drop is then determined
for the relevant steam system arrangement.

With reference to the first paper in the series, the HEN model
was able to reduce the steam flow rate from 10.90 to 7.69 kg/s.
This is a reduction of 29.3%. As a result of the reduced flow
rate and return temperature, the boiler efficiency was reduced
from 63.5% to 59.9%. The HEN structure corresponding to the
minimum flow rate can be seen in Figure 7 below. Clearly, one
heat exchanger split has been employed. A split heat exchanger
is indicated by the main heat exchanger number being ac-
companied by a subscript. Heat exchanger 4 in Figure 7 is made
up of 4, and 4,, representing two separate physical heat
exchangers. All flow rates are shown in kg/s.

6.1. Sensible Heat Preheater. It was found that using the
sensible heat preheater made it possible to maintain the boiler
efficiency using 79.2% of the available sensible heat. The
original network shown in Figure 7 could thus be used. This
network has one heat exchanger split; thus, it was attempted to
use a single split for the pressure drop model. By incorporating
the pressure drop constraints, the minimum pressure drop using
the minimum flow rate was found to be 344.4 kPa, and the HEN
can be seen in Figure 8 below. By comparing the networks, it
can be seen that additional reuse occurs between the units. By
varying the number of heat exchanger splits in the pressure drop
section, it was found that a minimum pressure drop of 344.4
kPa could not be improved.

In the first paper in the series, the available sensible heat is
limited so as to evaluate the HEN and BE models’ abilities to
meet the objective function. If the available sensible heat is
limited to 30%, the boiler efficiency can be maintained with an
increase of 8.3% in the minimum flow rate. This still corre-
sponds to a saving of 23.6% of the original parallel network
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flow rate. This new minimum flow rate was found using 1 heat
exchanger split; thus, this was used for the pressure drop model.
No feasible starting point could be found with a single split
heat exchanger, and as such, the solution was infeasible. By
increasing the number of splits to 2, a solution of 272.3 kPa
was found and the network associated with this can be seen as
Figure 9 below. The additional heat exchanger did not influence
the minimum flow rate. By varying the number of heat
exchanger splits in the pressure drop section, it was found that
a minimum flow rate of 274.8 kPa could not be improved.
Setting the number of heat exchanger splits as a variable resulted
in a similar situation as previously mentioned, with an infeasible
solution resulting from a lack of a feasible starting point. From
this result, it can be deduced that manually changing the number
of heat exchanger splits improves the performance of the model
by removing a largely influential variable.

6.2. Dedicated Preheater. By adding a dedicated heat
exchanger to preheat the boiler return stream, it was found that
the boiler efficiency could be maintained with a flow rate 13.9%
higher than the minimum, but still 19.6% lower than the original
steam flow rate. This network can be seen in Figure 10. This
minimum flow rate was achieved with 1 heat exchanger split,
as well as the dedicated preheater. By minimizing the pressure
drop using this flow rate and number of heat exchanger splits,
the pressure drop was found to be 231.9 kPa, and the associated
HEN can be seen in Figure 11. By comparing this to the original
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network, it can be seen that the dedicated preheater is eliminated.
The same amount of heat exchangers exist, however, because
saturated condensate is recycled to heat exchanger 5. This
creates a situation where the stream that is pumped has a very
high temperature and creates a risk of cavitation. By varying
the number of splits for the pressure drop model, the minimum
pressure drop of 231.9 kPa could not be improved.

Because the return temperature is very high for this
solution, it was decided to force the model to use the
dedicated preheater. This was achieved by setting the duty
and limiting temperatures to the values found by the HEN
and BE models. With 2 heat exchanger splits, the minimum
pressure drop was found to be 262.2 kPa. After further
investigation, the minimum pressure drop was found with 3
splits and calculated as 255.4 kPa. This network can be seen
in Figure 12. By using the number of splits as a variable in
the formulation, the minimum pressure drop was found to
be 321.7 kPa. Once again it can be seen that setting the
number of splits manually leads to a better solution.

It is clear from Figure 12 that some mathematically feasible
choices are poor design choices, for instance the recycle of
saturated condensate from heat exchanger 3 to 5, and then from
5 to 3. This could be eliminated to further save on piping costs.
The recycle of subcooled condensate is also very complex. A

Figure 12. Minimum pressure drop network with dedicated preheater.

cost analysis with the piping could properly determine if this
complexity for the sake of reduced pressure drop is necessary.

7. Conclusions and Recommendations

The following conclusions can be drawn from the minimiza-
tion of pressure drop through the heat exchanger network:

» Multiple networks can exhibit the same minimum flow rate.
Thus, the network that exhibits the lowest pressure drop among
these can be found.

* Pressure drop is dependent on the network structure as well
as stream properties, and thus a means is required to find the
pressure drop based on the structure as well as the elements
causing pressure drop.

* The CPA can find the largest pressure drop in the network.

* With the largest pressure drop known, it can be minimized
using mathematical programming.

From the case study, the following conclusions can be made:

e For the given minimum flow rate, the lowest pressure drop
that could be achieved with maintained boiler efficiency using
the sensible heat preheater was 344.4 kPa. This was achieved
with 1 heat exchanger split.

e For the relaxed flow rate found to maintain the boiler
efficiency with the dedicated preheater, the lowest pressure drop
that could be achieved was 255.4 kPa. This was achieved with
3 heat exchanger splits.

From this work, the following recommendations and limita-
tions are made:

* A cost analysis would be of great value because maintaining
boiler efficiency requires extra heat exchangers and piping.

* An attempt to linearize the nonlinear pressure drop
constraints could yield a globally optimal solution.

Appendix A

This appendix is intended to show how the unknown terms
relating to the heat exchanger and piping pressure drop
correlations have been derived for the pressure drop mathemati-
cal model.

A.1. Heat Exchanger Guidelines. Constraint 6 contains the
following heat exchanger design-based variables: heat transfer
area A, the number of tube passes n, the number of tubes N,
the inside tube diameter d;, and the outside tube diameter d,.
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For the various heat exchangers in the relevant case study, the
heat transfer area is determined using the general equation for
heat transfer defined by Sinnot,”> shown in constraint A.1

Q = UAAT,, (A1)

In constraint A.1, Q is the relevant duty for the stream to be
heated, U is the overall heat transfer coefficient, A is the heat
transfer area, and AT, is the log mean temperature difference.
The stream duty is known for the case studies. An approximate
overall heat transfer coefficient is taken from Sinnot.” This value
is 1000 W/m?+K for the condensers and 800 W/m?+K for the
condensate heat exchangers. The AT, for condensers is
determined using constraint A.2 as defined by Sinnot.’

, —t
AT =—2 1 (A.2)

" ]n( Tsat — 1 1)
Tsat - t2

In constraint A.2, Ty, is the saturated steam temperature, f,
is the cold stream inlet temperature, and ¢, is the cold stream
outlet temperature. The AT, for the condensate heat exchangers
is assumed to be the minimum global approach temperature,
AT, for the case study so as to give a conservative ap-
proximation for the area. With the Q, U, and AT,, known, the
heat transfer area can be calculated using constraint A.1.

This area must then be made up by the outside area of the
tubes in the heat exchanger. The area is a function of the area

of one tube multiplied by the number of tubes, as stated by
Nie® and shown in constraint A.3:

A= NadL (A.3)

In constraint A.3, L is the length of a tube. With A known,
the variables N,, L, and d, must be selected. There are several
design guidelines given by Sinnot’ that aid in the selection of
these variables. One of the major considerations for heat
exchangers is the fluid velocity. Low fluid velocities often lead
to fouling, while high fluid velocities increase the pressure drop.
Velocity is calculated by constraint A.4, shown by Nie.”

4 Ny,

— (A4)
J'Ediz Nl

u =

The number of tube passes are assumed to start at 2 for the
smaller duties and increase up to 16. Sinnot® indicates generally
accepted velocity ranges for fluids and gases in pipes, which
can be assumed equivalent to heat exchanger tubes. These ranges
are shown in Table A.1.

Table A.1. Fluid Velocity Ranges

fluid velocity (m/s)
liquids 1-3
gases and vapors 15-30

The lower limit is in place to prevent fouling. Since steam
and steam condensate contains very little impurities, this lower
limit is assumed to be flexible for the approximate heat
exchanger design. Since the pressure drop through the steam
pipes is assumed to be negligible, the only steam flow rate to
be considered is inside the condensers. Thus, the gas and vapor
flow rate range is used simply as a guideline.

The relation between the inside and outside pipe diameter is
assumed to be a ratio of 0.8, since this is the ratio indicated by
the most commonly chosen pipe diameters in ref 5. A relation-
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ship between the tube length and the number of tubes exists in
the form of the bundle diameter to tube length relationship
defined by Sinnot.” The bundle diameter is calculated using the
number of tubes and the tube pitch. A square pitch is assumed
for all heat exchangers.

By alternating the inside diameter, number of tubes, tube
length, and number of tube passes while maintaining the heat
transfer area and bearing the design guidelines in mind, the
various heat exchangers are designed for the grassroots case.
In the retrofit case, the actual heat exchanger dimensions can
be used. It must be emphasized that the objective is not to design
an optimal heat exchanger but simply to simulate the pressure
drop for a realistic heat exchanger such that the pressure drop
can be modeled.

A.2. Piping Guidelines. Constraint 8 is a fairly simple piping
pressure drop estimation. Since an economic design guideline
has already been used to derive the constraint, the only choice
left is the pipe length. In the model, the various types of pipe
length are varied. The recycle and reuse pipes are assumed to
be longer than the pipes joining the heat exchangers to the
central condensate return hub.

Nomenclature
Sets

I={iorjliorj=1,2,.. I} is the set of heat exchangers

Parameters

A = heat transfer area for heat exchanger

a = regression parameter

BP = large pressure to compensate for nodes that do not exist

b = regression parameter

¢, = heat capacity (kJ/kg-k)

D; = pipe inside diameter (m)

d; = inside tube diameter (m)

d, = outside tube diameter (m)

FY = maximum capacity of the boiler (kg/s)

Fun= flow rate of turbine condensate (kg/s)

hgp = enthalpy of superheated HP steam (kJ/kg)

hgy = enthalpy of saturated HP steam (kJ/kg)

L = pipe length (m)

my, = fluid mass flow rate through pipes (kg/s)

m, = fluid mass flow rate through tube side of heat exchanger
(ke/s)

n = number of allowable heat exchanger splits

nyp = number of tube passes in heat exchanger

N, = number of tubes in heat exchanger

N,EX = pressure drop factor for pipes

N, = pressure drop factor for friction loss

Ny = pressure drop factor for sudden expansions, contractions, and
flow reversals

Q; = duty of heat exchanger i (kW)

q = latent and superheated sensible heat of HP steam (kJ/kg)

T~ = limiting utility inlet temperature for heat exchanger
i (°C)

Tow = limiting utility outlet temperature for heat exchanger
i (°C)

T = temperature of turbine condensate (°C)

p = density of fluid (kg/m?)

w1 = viscosity of fluid (N-s/m?)

A = latent heat of steam (kJ/kg)

6 = fraction of sensible heat used for preheating

Binary Variables
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x; = 1 if heat exchanger i receives heat from condensate, 0 otherwise

vi; = 1 if heat exchanger i receives heat from steam from level /,
0 otherwise

yap = 1 if connection between node A and B exists, O other-
wise

Continuous Variables

Fin, = total flow rate entering heat exchanger i (kg/s)

Foy, = total flow rate leaving heat exchanger 7 (kg/s)

Fr = total return flow to the boiler (kg/s)

Fg, = condensate returning to the boiler form heat exchanger i (kg/s)

F RR;; = reused/recycled condensate from heat exchanger j to heat
exchanger i (kg/s)

Fs = total saturated steam flow rate to the heat exchanger network
(ke/s)

L;; = subcooled condensate reuse from heat exchanger j to heat
exchanger i (kg/s)

n, = boiler efficiency

P = pressure of node after condensate heat exchanger (kPa)

Py = pressure of node before condensate heat exchanger (kPa)

Pc = pressure of node after condenser (kPa)

Pp = flow rate of process pressure steam through preheater (kg/s)

Pr = pressure of final node for boiler return stream (kPa)

Ps = source node from boiler (kPa)

Qi = portion of heat exchanger duty catered for by condensate

Q; = portion of heat exchanger duty catered for by steam

Obprehear = heat added to boiler return stream by various preheaters

SL;; = saturated condensate reuse/recycle from heat exchanger j
to heat exchanger i (kg/s)

SS; = saturated steam flow rate to heat exchanger i (kg/s)

Tvon = temperature of boiler return flow (°C)

Toroc = outlet temperature from HEN (°C)

Toump = combined temperature of process and turbine condensate
°0)

volumetric flow rate through pipes (m?/s)

volumetric flow rate through tube side of heat exchanger
(m%/s)

AP, = pressure drop through pipes (kPa)

Vo
Vi

AP, = pressure drop through the tube side of heat exchanger (kPa)

AT\in = global minimum approach temperature for the HEN (°C)

AT, = temperature difference between boiler return and saturated
HP steam (°C)

AT, = temperature difference between boiler return and saturated
HP steam (°C)
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