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1. Introduction

Abstract. This paper investigates optimization methods based on Genetic Algorithms
(GAs) for spiral heat exchangers. The purpose of designing heat exchanger depends on its
application and could be total cost, heat transfer coefficient or both of them. The current
targeting methods identify optimum points from both economic and thermodynamic views,
and capture a trade-off between two objectives. Optimizations, using single objective
functions, are performed in order to investigate parameter behavior in two different
applications of SHEs. Also, this work takes care of numerous geometric parameters in the
presence of logical constraints. Multi-objective and weighted function optimizations, using
genetic algorithm, are developed in order to obtain a set of geometric design parameters,
which lead to minimum pressure drop and the maximum overall heat transfer coefficient.
Optimized heat transfer coefficient, compared to its first value at basic design, had a 13%
increase, and total cost in optimized case presents 50% reduction compared to the basic
design. Also in trade-off cases, heat transfer coefficient and total cost have been improved
up to 60% increment and 20% reduction, respectively. Therefore, designing heat exchanger,
using presented optimal methods in this research, are proposed as useful methods for
designers, engineers and researchers.

(© 2013 Sharif University of Technology. All rights reserved.

fluids. This type of exchanger is common in the
paper, petrochemical, food and sugar industries with

Heat exchanger is a device used for effective heat
transfer between two fluids (gas or liquid) from one to
another. Heat exchangers are used in various industries
including HVAC, plants, power and process industries
and many others [1]. Spiral heat exchangers have
proved to be more efficient and reliable than other types
of heat exchangers. The Spiral-Plate Heat Exchanger
(SHE) may be one exchanger selected primarily on its
virtues and not on its initial cost. SHEs offer high
reliability and on-line performance in many severely
fouling services such as slurries [2]. Spiral plate heat
exchangers are ideal for cooling slurries and viscous
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applications in evaporation and condensation [3]. In
the main application of spiral heat exchangers, hot
and cold stream temperatures during the process are
important. For example, the removal of water from
food provides microbiological stability, reduces deteri-
orative chemical reactions, and reduces transportation
and storage costs. Both evaporation and dehydration
are methods used in the dairy industry for this purpose.

To keep the product temperature low and con-
stant and the difference in temperatures high, the heat
exchanger is enclosed in a large chamber and transfers
heat from the heating medium, usually low pressure
steam, to the product usually via indirect contact
surfaces.

An important feature of spiral plate exchangers
that distinguishes them from other heat exchangers is
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their capacity to handle high viscosity and dirty fluids
exhibiting lower tendency to fouling [4]. Spiral heat
exchangers consist of two long plates rolled together,
forming a spiral. Studs welded to the plates fix the
spacing between the plates and provide mechanical
strength [5]. Due to the particular geometry which
creates a constant change in direction, local turbulence
increases, thus eliminates fluid stagnant zones. Also,
since there are no dead spaces in a SHE, the helical
flow pattern produces high turbulence creating a self-
cleaning flow passage [1].

Due to the widespread use of these equipment,
their efficient design has been analyzed from different
points of views, such as exergetic which was analyzed
by Wu et al. [6]. Bes and Roetzel [7] developed an
analytical rating study to determine the temperature
profile within the plates; in their work constant overall
heat transfer coeflicients were assumed. They also
studied the influence of various geometrical parameters
in design and thermal performance. In the later work,
Bes and Roetzel [8] developed a simple formula to
determine the temperature difference correction factor
that applies for any heat capacity rate ratio and for any
number of turns. Egner and Burmeister [9] worked on
a numerical study of spiral ducts of rectangular section,
using computational fluid dynamics techniques, and
determined the Nusselt number as a function of the
Dean number, showing the strong dependence of the
heat transfer coeflicient upon the spiral radii. They
demonstrated that except for the entry regions, the
heat transfer coefficient is nearly constant, however, at
entry regions, heat transfer coefficients may be even
as 50% larger than the fully developed values. An
important contribution of their work is the general
conclusion for estimating the thermal entry length
for laminar Reynolds numbers between 100 and 500.
Burmeister [10] developed a more approximate solution
to determine the thermal effectiveness versus the num-
ber of heat transfer units of this type of exchangers.
A limitation of the method, however is that it applies
only to cases where the heat capacity rates of the two
fluids are equal. Empirical correlations for spiral heat
exchangers were reported by Minton [11]. He presented
a set of correlations for heat transfer coefficient and
pressure drop for the laminar and turbulent regions
based on average plate curvature. Martin [12] also
reported empirical correlations for heat transfer and
friction factor that cover a wide range of Reynolds
numbers. Picon et al. [5], using the allowable pressure
drop as a design objective, introduced a methodology
for the preliminary sizing of a spiral heat exchanger.
Heat exchanger design can be a complex task, there-
fore, advanced optimization tools proved to be useful
to identify the best and the cheapest heat exchanger for
a specific duty. Genetic Algorithms (GAs) are among
the current options to perform such work [13].

In the present work, new methods, using genetic
algorithms, are presented to find the optimal design
parameters of a SHE within allowable pressure drops.
Case studies reported by Minton [11] and Angelo A.
Moretta [14] are presented below to demonstrate the
capabilities of the new methods. In the current meth-
ods, it is necessary to specify a target point prior to
the design of the heat exchanger. Since heat exchangers
are important components of all thermal systems, their
design should be adapted well to the applications in
which they are used; otherwise their performance will
be deceiving and their costs excessive. We performed
design optimizations, considering importance of heat
transfer coefficient or cost or both of them in different
applications of heat exchangers. This was done in order
to take a step towards optimizing important dimensions
of SHE and to study thermodynamical limitations that
a designer meets. The results are interesting even
though the authors used simplified relations based on
thermodynamic parameters and process data with a
sufficient accuracy.

2. Spiral heat exchanger geometry

A thorough description of the geometry of spiral heat
exchangers was published by Dongwu [15], where ex-
pressions to calculate spiral diameter, number of turns
and length of the semicircles are provided. The main
geometrical dimensions of spiral heat exchangers (plate
spacing, spiral width and length) and operation manner
are shown in Figure 1.

2.1. Heat transfer, pressure drop and cost
function

Based on engineering judgment and consultation [16],

the heat losses to the surroundings are assumed negligi-

ble. Also, physical properties of cold stream at 283°K

and 288°K are those specified in [17]. Based on the

first law of thermodynamics, the actual heat balance
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Figure 1. Geometrical features and flow pattern in spiral
heat exchanger.
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equation in a spiral plate heat exchanger is presented
as:

Q = mhch(Thi - Tho) = mccc(Tco - Tci)~ (1)

Using the overall heat transfer coefficient, U, the heat
transfer rate for heat exchanger is expresses as:

Q = UALMTD. (2)

The overall heat transfer coefficient, U, is calculated by
the following expression [18]:
1

U= .
1 t 1
h;,+E+E+Rf

(3)

The logarithmic mean temperature difference is deter-
mined using:

(Thi - Tco) - (Tho - Tc7.)
Thi—Teo : (4)
Tho—Tei

LMTD =

Heat transfer area is calculated from the equation:
A=2LH. (5)

Morimoto and Hotta developed correlations to deter-
mine the film heat transfer coefficient in a spiral plate
heat exchanger [19]:

D .
Nu = .0239 (1 + 5.54Rh) Re?806p 0268 (6)

where M is the mass flux and is defined as follows:
m m

Dy, is the average hydraulic diameter and is defined as:

(2HS)
Dy =——~. 8
"T(HTS) ®
Velocity is calculated by dividing the mass flux by
density:

V=" (9)

The spiral mean diameter is calculated from:

Rmin + Rm ax

R, =
2

(10)

The Reynolds number and Prandtl number are defined
by Eqgs. (11) and (12), respectively [20]:

Re = MDn. (11)
N
pCly
pr=""¢ 12
r=— (12)

By calculating the Nusselt number from Eq. (7), heat
transfer coeflicient is obtained as follows:

_ kNu

Pressure drop in spiral heat exchanger is determined
using the following expression [2]:

_ 1.45(LV?)p)

AP = ——=.
1.705 x 103

(14)

The outside diameter of spiral is determined using the
empirical equation as presented in [11]:

D, = [1.28L(by, + b + 2t) + C?]V/2. (15)
The total cost is calculated by:
Ciot = Ci + Coa,s (16)

where C; represents the manufacturing costs of the heat
exchanger, and is obtained via Hall equation [21] as a
function of the surface area, as follows:

Ci = alAb, (17)

where a; = 5873 and b = 0.59 for heat exchanger made
of titanium.

The second term in Eq. (16) represents the op-
erational costs, involving overcoming the pressure loss
caused by friction, evaluated using the following:

ny Cy
Cod = Z (18)

= (L)
Co=PxCgxH, (19)
1 c
P:(WXAPh—i-mxAPC). (20)
n Ph Pe

In the above equations, overall pumping efficiency is
taken as 0.75, and an annual amount of work hours
is H = 8000 h/yr. All values of discounted operating
costs were computed with energy cost 0.12 €/kW.h,
equipment life ny = 15 years, and annual discount rate
1= 10%.

3. Genetic algorithm

Genetic algorithms are stochastic search methods that
lead a population towards an optimum, using the
principles of evolution and natural genetics. With
the proper encoding, they can manipulate integer or
continuous variables and they can handle linear and
non-linear constraints. Genetic algorithms require
little information of the problem itself. In this case,
computations based on the algorithms are attractive
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to users. Moreover, it is well known that genetic
algorithms have been successfully applied to many op-
timization problems [22]. In recent years, application of
genetic algorithms in thermal engineering has received
much attention for solving real-word problems [23]. For
example, the fin-tube heat exchanger performance was
predicted using a GA [24]. Plate-fin heat exchangers
were optimized by means of GAs [25-27]. A new
design method was proposed to optimize a shell-and-
tube heat exchanger from an economic point of view by
a GA [28]. Optimization of the geometry of cross-wavy
and cross-corrugated primary surface recuperators was
studied via GAs [29,30]. The coefficients of heat
transfer correlations for compact heat exchangers were
obtained using GAs, based on experimental data, and,
in turn, these correlations were used to estimate their
performance [31,32].

These reports suggested that GAs have a strong
ability for searching, and can successfully optimize
and predict thermal problems. Applications of GA
in the field of thermal engineering are new challenges.
At this point, the GA technique may be used in the
optimization design process in order to obtain optimal
results under a specified heat duty within allowable
pressure drops. In this work, GA is used to optimize
a spiral heat exchanger and to design a low-cost, high
heat transfer coefficient and trade-off between them.
We use a computer program in MATLAB software,
finding optimum value for each case.

The sequence of different operations of GA is
shown in Figure 2. In this algorithm, optimized fitness
functions are heat transfer coefficient and total cost.
Heat transfer coeflicient, total cost, multi-objective
and weighted functions defined in MATLAB program
are objective functions. Inputs are spiral length and
width, plate spacing in hot and cold stream and outer
diameter of heat exchanger. Table 1 presents the
decision variables, their lower and upper bounds and
their optimum values in both cases.

Also, for better comparison between various de-
signs, heat transfer rate between hot and cold sides,
inlet and outlet temperature and flow rates have been
considered constant and physical aspects of heat ex-
changer considered as variables during the optimization
procedure.

In this study, four non-linear constraints including
pressure drops in both hot and cold streams, amount of
heat load applied to streams and relation between outer
diameter has been considered and exerted to MATLAB
program.

1. Hot stream pressure drop constraint which is:

1.45LV2py,

AP, —
h 1705

=0.

2. Cold stream pressure drop constraint:

Program code and chromosome display
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Figure 2. Block diagram representation of genetic

algorithms (GAs).

1.45LV?2p,
1705
3. Outer diameter constraint:
D? — [C? 4 (15.36 L(by, + b, +1))] = 0.

AP, — =0.

4. Heat load constraint:
Q — (2ULHLMTD) = 0.

Genetic algorithm is considered with a population of
50 and 100 numbers of iterations. The program with
calculating fitness valu in 50 random points as genes or
individuals enters into the algorithm. After comparing
fitness values in parents, children are produced with
random changes on one parent or both parents’ vectors.
In the next generation, people who were more qualified
or who have more fitness values are selected as parents.
Algorithm stops when one of the stopping conditions,
for example stall generation is achieved.

GAs are probabilistic, and therefore two runs of
the GA with the exact same settings could lead to
two different results. Therefore, for each case, the GA
optimization was performed five times. The best result
among these runs was retained.
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Table 1. Decision variables, their lower, upper and optimum values.

Case [14] Case [11]

Value Minimum Maximum  Coefficient Cost Multi-objective Weighted Coeff

optimization optimization function objective )
Pressure drop 0 bar 172 bar 154 12 0.9240 0.4576 7.700
in hot stream
Pressure drop 0 bar 172 bar 37 0.889 0.9768 0.5720 10.920
in cold stream
Outer 0.5 m 1.5m 0.6895 0.726 0.8100 0.6465  0.7952
diameter
Length 5 m 22 m 6.080 5.933 20.05335 20.4275 21.5444
Width 0.05 m 2.3 m 0.634 2.288 0.4499 0.4858  0.1561
Plate spacing, 0.005 m 0.032 m 0.0069 0.0073 0.0051 0.0068 0.0053
hot side
Plate spacing, 0.005 m 0.032 m 0.0317 0.0311 0.0063 0.0078 0.0057

cold side

4. Discussion

The main hypothesis of this research is to demonstrate
how powerful and effective tool GA is in optimizing
physical and thermodynamically aspects of heat trans-
fer equipment. The aim of designing heat exchanger
could be total cost during equipment life or maximum
heat transfer between hot and cold streams or a trade-
off between them, and depends on the application of
heat exchanger.

In industries such as the food processing indus-
tries, the maximum heat transfer rate in heat exchanger
is more important than its cost. In such cases, the
designer attempts to maximize heat transfer rate by
disregarding total cost. On the other hand, in some ap-
plications, the designer, considering purchasing power
of customer, chooses cost as the objective function.
In other cases, both heat transfer and total cost are
important. To develop our study, we investigate GA
optimizations in all three cases.

In our cases, titanium has been considered as
the material of construction of heat exchanger. Due
to Titanium’s super strong corrosion resistant ability,
major industrial application for titanium remains in
heat transfer applications in which the cooling medium
is seawater, brackish water or polluted water. The
initial cost of titanium in this application is not only
competitive at the time of installation, but over time,
the life cycle costs are lower as a result of lower
maintenance costs.

The GA optimizations studied in this paper are
performed on heat transfer coefficient and total cost
individually and simultaneously in the first and second
case studies, respectively.

The first case study is a heat exchanger for cooling
a non-Newtonian fluid, taken from [14]. The average
physical properties for this case study are shown in
Table 2.

GA results obtained in heat transfer coefficient
optimization show that pressure drop in heat exchanger
reaches its maximum values in feasible region, which
causes maximum inlet pressure and brings about ve-
locity and Reynolds number increment. Consequently,
heat transfer rate increases. In heat transfer coefficient
optimization, despite a 13 percent increase in heat
transfer coeflicient, total cost has almost 30 percent
increment compared to the basic design [14].

Total cost is a composition of capital and opera-
tional costs, therefore when cost is chosen as the ob-
jective function, the algorithm incorporates both costs
simultaneously. Note that larger dimension causes
more heat transfer area and capital cost, the algorithm
chooses an optimal length for heat exchanger to prevent
increase of heat transfer area. On the other hand, total
cost optimization needs to reduce pressure drops in
both hot and cold streams. So, algorithm optimizes
total cost by increasing plate spacing. Maximum flow
area is obtained by increasing the plate spacing to its
maximum value. It causes smoother flow movement
and pressure drop reduction. When total cost is defined
as the objective function, cost has 55 percent reduction
which is a remarkable amount by contemplating energy
value, and heat transfer coefficient is half of the value
in basic design.

In heat transfer coefficient optimization process,
GA led to significant increase up to 1.280 x 103
(W/m2K), although the heat exchanger coefficient in
basic design [14] is 1.113 x 10° (W/m2?K). Also when
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Table 2. Stream data for case studies [11,14].

Average First case study [14] Second case study [11] Unit
physical properties Hot stream Cold stream Hot stream Cold stream
Mass flow rate 127.75 18.92 0.7833 0.7444 kg.s
Inlet temperature 298.60 273.15 473.2359 333.1500 K
Outlet temperature 298.15 285.92 393.1500 423.8258 K
Heat capacity 2.3768 8.4186 2973 2763 Jkg ' K?
Thermal conductivity 0.6231 0.5815 0.3480 0.3220 Wm K
Density 1350 1000 843 843 kg m~3
Relative density 1.35 1 0.843 0.843 -
Pressure drop 110.19 85.43 0.2004 0.3298 kPa
Velocity 4.4006 3.2597 0.1139 0.1461 ms !
Plate thickness 0.0032 0.0032 0.0031754 0.0031754 m
Inernal diameter 0.3048 0.3048 0.203 0.203 m
Plate spacing 0.0318 0.0063 0.00635 0.00635 m

cost is chosen as an objective function, optimal value
is 22499 € whereas this amount in basic design is
44813 €. Figure 3 compares total cost and heat
transfer coefficient for this case study and optimization
method.

The proposed methodology in second case study
is demonstrated using the case study reported by
Minton [11]. The average physical properties are
shown in Table 2. Since mentioned objectives are
conflicting, no single solution can well-satisfy both
objective functions simultaneously. In other words, any
attempt to increase the value of the total rate of heat
transfer leads to higher total cost of the system, which
is certainly undesirable. Therefore, multi-objective and
weighted optimizations, using genetic algorithms, are
utilized in order to achieve a set of optimal solutions,
each of which are trade-off between objectives, and can
satisfy both objective functions in an appropriate level.
The main advantage of this work is providing a set of

100000

m Case study [11]

W Heat transfer coefficient
optimization

10000

m Total cost optimization

1000

100

10

1
Total cost

Heat transfer coefficient

Figure 3. Geometrical features and flow pattern in spiral
heat exchanger.

optimal solutions each of which can be selected by the
designer based on the project’s limits and the available
investment.

In order to compare the results obtained by
weighted function with multi-objective function, we
defined equal weighted factors (between 0 and 1) for
heat transfer coefficient and total cost.

Pressure drop and heat transfer coefficient are
interdependent quantities, and both of them essentially
influence the total cost and heat transfer rate of any
heat exchanging system. It is necessary to suggest such
dimensions which result acceptable pressure drop and
heat transfer rate under given conditions.

Using weighted factors in GA weighted optimiza-
tion helps the designer to design more effective heat
exchanger for a specific application. In such cases,
the designer by defining weighted factors, based on
importance of each one of heat transfer and total cost,
calculate optimal dimensions.

It is obvious that when program uses multi-
objective function rather than weighted objective func-
tion, estimated dimensions have better results at all. It
is because when multi-objective function is chosen as
objective function, program itself calculates a trade-
off between two goals (coefficient and cost) and defines
optimal parameters.

By defining another objective function in second
case study, we tried to demonstrate the differences
between a single optimization, where heat transfer coef-
ficient is chosen as fitness function and multi-objective
optimization, where both heat transfer coefficient and
total cost are selected as fitness functions. Results
show that when heat transfer coefficient is chosen as the
objective function, the obtained optimized value is 508
(W/m2K), although this amount in basic design [14]
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Figure 4. Geometrical features and flow pattern in spiral
heat exchanger.

is 130 (W/m?2K). Figure 4 compares total cost and
heat transfer coeflicient for case study and optimization
methods.

In weighted and multi-objective optimizations,
both heat transfer coefficient and total cost have
better results up to 60% increment and 20% reduction,
respectively in comparison to basic design. Algorithm
by increasing pressure drops up attempts to improve
heat transfer coefficient. Also GA chooses maximum
length from its feasible region. It can be seen that HE
width in optimized cases are almost half of this amount
in basic design.

It seems that increasing heat transfer area and
pressure drops in cold and hot streams results in
increasing the heat transfer rate.

In heat transfer coefficient optimizations, al-
though the algorithm chooses longer length, it selects
shorter width to raise pressure drops and Reynolds
number. It can be seen from the results that shorter
width offers best heat transfer coefficient in all opti-
mizations and basic case studies, and this results in
smaller hydraulic diameter. It is worth mentioning that
in heat transfer coefficient optimizations, the algorithm
selects width and length of heat exchanger regarding
logical constraints.

Also, when cost is chosen as the objective func-
tion, the algorithm considers an acceptable width and
length for the heat exchanger, which are small enough
to prevent heat transfer area enlargement and more
pressure drop. Regarding that the life time of these
equipments are considered to be 15 years, from the
results, it can be concluded that in total cost opti-
mization, operational costs are more important than
capital costs. This means that the algorithm calculates
the dimensions based on the minimum pressure drop.
Calculated parameters in optimizations are presented
in Figures 5 and 6.

The targeting methods are evaluated by compar-
ing their target results from predicted dimensions with
the performance obtained from other approaches. It

180
m Pressure drop, cold stream
160 m Pressure drop, hot stream
Spiral outer diameter
140 m Spiral width
m Spiral length
120

100

80

Case study [11]

Total cost
optimization

Heat transfer coefficient
optimization

Figure 5. Calculated parameters in first case
optimization.

m Pressure drop, cold stream
® Pressure drop, hot stream
25 Spiral outer diameter

m Spiral width

m Spiral length

20

15

10

0l
Case study[32] Multiobjective
optimization

Weighted Heat transfer
function coefficient
optimization optimization

Figure 6. Calculated parameters in second case
optimization.

is clear from results that GA is an effective tool for
optimization in thermal sciences. Regarding that the
basic designs are a step by step guidance to calculate
the size of SHEs, optimal results are not expected.
Tables 3 and 4 present case studies decision variables
and results obtained from optimizations.

5. Conclusion

In this paper, spiral heat exchangers have been opti-
mized using genetic algorithms. Not only calculated
dimensions for spiral heat exchangers by considering
heat transfer coeflicient and total cost illustrate better
results, but also the obtained higher heat transfer
and lower cost values by defining weighted and multi-
objective functions, in comparison to basic designs,
proved that GA is an effective and powerful tool
in optimization. Optimized heat transfer coefficient,
compared to its first value at basic design, had a 13%
increment, and total cost in optimized case presents
50% reduction, compared to the basic designs. Also, in
trade-off cases, heat transfer coefficient and total cost
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have been improved up to 60% increment and 20%
reduction, respectively. The results of this study are
reported for the first time and present evidence from
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Table 3. Decision variables and results obtained from the first case study [14] optimization.

Case study Heat transfer Total cost Unit
coeff. optimization optimization

APcs = 8543 APcs =37 APcs = 0.889 kPa
APhs =110.19 APhs = 154 APhs =12 kPa
Ds =0.849 Ds = 0.6895 Ds =0.726 m
H =0.9144 H =0.634 H =2.288 m
L =7.817 L =6.080 L =5.933 m
U =1.113FE + 003 U =1.280E + 003 U = 586 W/m?K
Ct=4.4813FE 4004 Ct=5.T7T19E + 004 Ct =2.2491 + 004 €

Table 4. Decision variables and results obtained from the second case study [11] optimization.

Multi-objective

Weighted

Heat transfer

Case study Unit
optmization optimization coeff optimization

APecs = 0.3298 APcs =0.9768 APecs =0.5720 APecs =10.920 kPa
APhs = 0.2004 APhs = 0.9240 APhs = 0.4576 APhs =17.700 kPa
Ds =0.69 Ds = 0.8100 Ds = 0.6465 Ds = 0.7952 m
H=0.73 H = 0.4499 H = 0.4858 H =0.1561 m
L =21.53 L = 20.05335 L =20.4275 L = 21.5444 m
U =130 U = 208.8328 U =172.2879 U = 508.5298 W/m2K
Ct=1.8446E + 004 Ct=14782FE+004 Ct=1.5633E+004 Ct=8.30711F + 004 €

SR

several outcomes, proving GA as a powerful tool and

useful method for designers, engineers and researchers.

Nomenclature

A Heat-transfer surface area, m?

b Channel spacing, m

by, Spacing of the hot side, m

be Spacing of the cold side, m

C Core diameter, m

Ce Specific heat of cold fluid, J kg=1°K~!

Cg Energy cost, €/kW h

ch Specific heat of hot fluid, J kg—'°K~!

C; Capital investment, €

Cod Total discounted operating cost, €

C, Annual operating cost, € /yr

p Specific heat of fluid, J kg 1°K~!

C'ot Total cost, €

Dy Average hydraulic diameter of channel,
m

D Outside spiral diameter, m

kp

LMTD

Nu
ny

AP
AP,
AP,

Width of the plate, m

Annual operating time (h/yr)
Film heat-transfer coefficient, W
m—2°K—1

Hot-side convection heat-transfer
coefficient, W m=2°K~1

Cold-side convection heat transfer
coefficient, W m=2°K~!

Annual discount rate

Thermal conductivity of fluid, W
m-1eK-1

Thermal conductivity of the plate
providing the heat-transfer surface, W
m-1eK—1

Length of the plate, m

Log Mean Temp. Difference, °K

Mass flux, kg m=2 s7!
Mass flowrate, kg s~!
Nusselt number, unitless
Equipment life, year
Pumping power, W

Prandtl number, unitless
Pressure drop, kPa

Hot side pressure drop, kPa

Cold side pressure drop, kPa
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Q Total heat transfer, W
Rax Maximum radius of spiral, m
Roin Minimum radius of spiral, m
Re Reynolds number, unitless
Ry Fouling factor, W~! m2°K
R, Mean spiral radius, m
t Plate thickness, m
Tho Outlet temperature of hot fluid, °K
Thi Inlet temperature of hot fluid, °K
Teo Outlet temperature of cold fluid, °K
Te; Inlet temperature of cold fluid, °K
U Overall heat transfer coefficient, W
m-2°K-1
Vv Fluid mean velocity, m s—!
P Density, kg m~3
Ph Hot stream density, kg m™3
Pe Cold stream density, kg m—3
7 Pumping efficiency
my, Mass flowrate of hot fluid, kg s~*
Subscripts
h Hot stream
c Cold stream
min Minimum value
max Maximum value
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