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Abstract

Plate spacing is one of variable that influences plate heat exchanger (PHE) design as a condenser in Organic Rankine Cycle
(ORC) system. The rises of plate spacing have effects to channel cross sectional area, channel velocity, equivalent diameter, and
Reynold number at hot and cold fluid sides in PHE. Those parameters affect the total heat transfer area and total pressure drop
that influence the PHE condenser performance. This paper investigated the detail effect of the plate spacing increments in the
final total heat transfer area and total pressure drop design result. The plate spacing in design calculation method is varied and the
other independent variables are assumed to be constant. The design was conducted by calculating condenser capacity at both
sides and both zones, estimating overall heat transfer coefficient, and calculating heat transfer area and plate film coefficient.
Analysis continued by calculating overall heat transfer coefficient that has small percent of error with the estimated overall heat
transfer coefficient, calculating pressure drop, total plate number and total heat transfer area. The result of calculation shows that
the rises of plate spacing increase the total heat transfer area and decrease the cold and hot fluid total pressure drop. The rises of
plate spacing increase channel cross sectional area and equivalent diameter, and decrease channel velocity and Reynold number
at zone 1 (without phase change) and zone 2 (with phase change). Therefore, the increment of heat transfer areas is unpreferable
and the decrement of pressure drops is preferable.
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1. Introduction

Utilization of low temperature heat source into electricity has been developed in the world. This is done to reduce
the dependence and the depletion of fossil fuel availability. Organic Rankine Cycle (ORC) is a system that can
generate electricity at a low temperature heat source. ORC systems with low temperature heat source can provide
excellent performance compared with other technologies [1-4]. ORC is a system that is flexible, safe and low
maintenance costs [5-7]. ORC is a mature energy conversion technology and has been carried out in last two decades
as extensive research [8]. Thermal efficiency ORC system was varies, from 0.02 to 0.11 [9, 10]. Design of heat
exchangers in ORC, such as evaporator and condenser has a significant effect on the overall system performance
[11]. Therefore, it is necessary to design for heat exchangers according to the capacity required to produce a good
system performance.

Condenser as part of the heat exchanger is the component that serves to condense the steam from the turbine
expansion to be pumped back to the evaporator. Design of condenser with PHE type is different from shell and tube
type. PHE condenser needs to be designed in accordance with the required specifications, so that it can obtain good
performance. Condenser dimensions and materials is an important part to get a good condensation process. Several
studies have been conducted by researchers to get a good PHE specification. Wang et al. [12] presented a design
method for PHEs with and without pressure drop specifications. Full utilization of allowable pressure drop was taken
as the design objective, in the case of design with pressure drop specification. In the case of no pressure drop
specification, allowable pressure drops were determined through economical optimization. Zhu et al. [13] discussed
the integrated optimal design of the materials, placement, size and flow rate of a plate heat exchanger. By
optimization, with a consequent reduction in cost, the PHE was effectively smaller than the real example given.
Jiang Feng et.al [11] presented multi-objective optimization design of the PHE. The results show that a Pareto
optimal point curve is obtained, which shows that a decrease in total heat transfer surface area of a condenser can
increase the pressure drop through the condenser. Karellas et.al [14] investigated the influence of the ORC
parameters on the heat exchanger design for supercritical condition. The analysis result was suggested an accurate
method for supercritical heat exchangers’ calculations and dimensioning and provides a very useful tool for future
research on this field.

This paper will discuss the design of the condenser type of PHE for ORC systems with low temperature heat
source. Design analysis done by plate spacing variations, in order to have the best specifications in accordance with
the design, so that the system can produce a good performance.

2. Methodology

Plate heat exchanger (PHE) design as a condenser is divided into hot and cold side. Each side is divided into zone
1 (without phase change) and zone 2 (with phase changes). Fig. 1 and Fig. 2 show flow arrangement and plate
arrangement of PHE. The design method flow chart to get PHE dimension that can be utilized as condenser of the
operating condition in Table 1 is detailed in Fig. 3.
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Fig. 1. Flow arrangement of PHE with 1-1 counter-current series [15]. Fig. 2. Plate arrangement of PHE.
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Fig. 3. Design method flow chart of PHE as condenser.

The design was conducted by calculating condenser capacity at both sides and both zones from condenser
operating condition in Table 1, determining the constant and independent variables as in Table 2, estimating the
overall heat transfer coefficient, and calculating heat transfer area and plate film coefficient. Analysis continued by
calculating the overall heat transfer coefficient that has small percent of error with the estimated overall heat transfer
coefficient, calculating the pressure drop, the total plate number and the total heat transfer area. The PHE design is
based from the method that is explained in [15] and [11].
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Table 1. Condenser operating condition.

Operating condition Hot Side  Cold Side
Fluid R123 Water
PHE inlet temperature (°C) 62 25
Pressure (bar) 1.545 1

Mass flow rate (kg/hour) 584 2,525

Table 2. The constant and independent variable.

Variable Assumption
Constant Flow arrangement Series, Counter-current
Number of passes 1:1
Material plate Stainless Steel
Plate thickness (mm),s  0.75
Plate length (m), L 0.5
Plate width (m), W 0.125

Independent  Plate spacing (mm), d 2,3,4

2.1. Cold side plate (water)

The cooling water heat flow rate in zone 1 and zone 2 is obtained from Equation (1) and (2). The calculation of
cooling water plate film coefficient (hpc) for each zone (1 and 2) is described from Equation (3-14).

Qc (cold, zone 1) = mcCpc(t; — t7) (1
Qc (cold, zone 2) = m.Cpc(t; — t;) 2
where Q¢ (cotd, zone 1) 18 cold side heat flow rate at zone 1 (kW); Q¢ (cotd, zone 2) 1S cold side heat flow rate at zone 2
(kW); m. is cooling fluid mass flow rate (kg/s); Cp. is cooling fluid mass heat capacity (J/kg°C); t; is cold fluid

temperature, inlet (°C); t7 is boundary temperature between zone 1 and 2 (°C); and ¢, is cold fluid temperature,
outlet (°C).

T1—t2)—(T2—t
ATy = Pl 3)
(T2-t1)
AT,, = F,AT,, )
__Q
A= UAT, Q)
Ay = LW (©)
A
N =2 (7
Ny—1
N, = et ®)

Ap =Wd )
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The
up = pAfFNc (10)
d, = 2d (11)
Re = 212 (12)
u
Pr = C}f—” (13)
f
_ hpde _ 0,65 py.0.4 (1)1
Nu =2 = 0,26Re"55Pr (uw) (14)

where AT}, is log mean temperature difference (°C); Ty is hot fluid temperature, inlet (°C); T, is hot fluid
temperature, outlet (°C); AT,, is true temperature difference (°C); F; is the temperature correction factor; A is heat-
transfer area (m”); U is the overall heat transfer coefficient (W/m?>°C), the initial U value is estimated; Aqp is
effective area of one plate (m?); L is effective length (m); W is effective width (m); N,, is number of plates; N, is
number of channel per pass; Afis channel-cross sectional area (m%); d is plate spacing (m); u, is channel velocity
(m/s); p is fluid density (kg/m’); d, is equivalent (hydraulic) diameter (m); Re is Reynold number; and y is fluid
viscosity (kg/m s), Pr is Prandtl number; k; is fluid thermal conductivity (W/m°C); Nu is Nusselt number; hy, is
plate film coefficient (W/m?°C); and p,, is fluid viscosity at wall temperature (kg/m s).

2.2. Hot side plate (R123)

The hot fluid heat flow rate in zone 1 and 2 at Equation (15) and (16) are respectively equal with cooling water
heat flow rate at Equation (1) and (2) according to the energy balance. The hot fluid plate film coefficient (hph)
zone 1 is calculated from Equation (3-14) and zone 2 is described in Equation (17-19).

Qn (hot, zone1) — mh(hl - hI) (15)
Qn (hot, zone2) = y,(h — hy) (16)
where Qp, (not, zone 1) 18 hot side heat flow rate at zone 1 (kW); Qp (not, zone 2) 1S hot side heat flow rate at zone 2

(kW); 11y, is hot fluid mass flow rate (kg/s); h; is hot fluid enthalpy, inlet (J/kg); h] is boundary enthalpy between
zone 1 and 2 (J/kg); and h; is hot fluid enthalpy, outlet (J/kg).

-1
1 1 N
N an
UAT p
tsat — twan = # (18)
0,25
_ pLlPL—PG)gHiGkE]
hp - 0’943[ uLL(tsat—twau) ] (19)

where h, is condensation heat transfer coefficient (W/m*°C); hypc is cold-side heat transfer coefficient (W/m*°C);
s is plate thickness (m); k,, is plate thermal conductivity (W/m°C); tsq; is saturation temperature (°C); ty,qy is wall
temperature (°C); p, is liquid density (kg/m3); pg is gas density (kg/m3); g is gravitational acceleration (m/s%); Hyg
is latent heat (J/kg); k;, is liquid thermal conductivity (W/m°C); and g, is liquid viscosity (kg/m s).
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2.3. Overall coefficient (U,)

The overall coefficient for each zone (1 and 2) is obtained from Equation (20). Where U, is the overall
coefficient (W/m*°C); hsp is hot fluid fouling factor coefficient (W/m*°C); and hs is cold fluid fouling factor
coefficient (W/m*°C). The initial U value in Equation (5) is continuously estimated until the difference of the
estimated U and the result of U, in Equation (20) has a small percent of error.

—=l gyl (20)

Uy hph hfn kp hpc hgc
2.4. Total pressure drop (AP,)

The total pressure drop for each side (hot and cold) is described in Equation (21-26). Where j; is friction factor;
AP, is plate pressure drop (bar); Ly, is path length (m); u,, is the velocity through the ports (m/s);  is mass flow
through the ports (kg/s); A, is area of the port (m?); dp; is port diameter (m); Nps is number of passes; APy is
pressure loss through the port (bar); and AP; is total pressure drop (bar).

Jf = 0.6 Re ™03 1)
AP, = 8j;(L, /de)"zi’z’ (22)
Upe = 0 (23)
A, =" 24)
APpt=1.3("Zﬁ Nps (25)
AP, = AP, + AP, (26)

2.5. Total heat transfer area (A.)

The total heat transfer area is calculated from Equation (27-28). Where Nj, (4o¢ar) is total number of plates; and
A, is total heat transfer area (m?).

Np (total) = Np (zone 1) + Np (zone 2) (27)
A = P (total)Alp (28)
3. Result and discussion

The PHE design calculation result in Table 3 shows that the total heat transfer area and the total number of plates
increase in the rise of plate spacing, but otherwise the cold fluid total pressure drop and the hot fluid total pressure
drop decrease in the rise of plate spacing. These results affirm the previous research result in [11]. These results also
can be analyzed with observing the impact sequence of plate spacing parameter to the other calculation result data in
Fig. 4a, 4b, 5, 6, 7, 8, 9a, 9b, 10a, and 10b.

Fig. 4a and 4b show that the rises of plate spacing increase the total heat transfer area in both Zone 1 and 2. Due
to the increasing total heat transfer area and the constant effective area of one plate, the number of plates in both
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Zone 1 and 2 go up. Thus make the number of channel in Zone 1 and 2 rise, except the number of channels in Zone
1 (Fig. 4a) at plate spacing 2 and 3 mm have the same value, because them are the round numbers.

Table 3. PHE design calculation result.

Plate spacing (mm) 2 3 4
Total heat transfer area (m?) 4875 53125 6.0625
Total number of plates 78 85 97

Cold fluid total pressure drop (bar)  0.407  0.121 0.011
Hot fluid total pressure drop (bar) 1.045 0.309 0.028
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Fig. 4. (a) Effect of plate spacing (d) on number of channel (N.), number of plates (N,),and total heat transfer area (A) at Zone 1; (b) Effect of
plate spacing (d) on number of channel (N.), number of plates (N;),and total heat transfer area (A) at Zone 2.

The methods to calculate plate film coefficient of Zone 1 (cold side and hot side) and Zone 2 (cold side) as in Fig.
9a and Fig. 9b are same and the results can be analyzed as follow. The rises of plate spacing also impact to the
enhancement of the channel cross sectional area such in Fig. 5. The increasing of channel cross sectional area and
number of channel make the channel velocities in Fig. 5 and Fig. 6 drop, since the fluid mass flow rate and the fluid
density are unchanged. When fluid density and fluid viscosity are constant, the decreasing of channel velocity and
slight increasing of equivalent diameter (as in Fig. 7) make Reynold numbers in Fig. 7 and Fig. 8 drop, except the
Reynold number of Zone 1 (cold side and hot side) in Fig. 7 at plate spacing 2 and 3 mm have the same value,
because the multiplication result between their channel velocities and equivalent diameters have the same values.
The sharp drop of Reynold number and slight increasing of equivalent diameter at constant Prandtl number and
constant fluid thermal conductivity result the decreasing of plate film coefficient in Zone 1 (cold side and hot side)
and Zone 2 (cold side). The decreasing of plate film coefficient in Zone 1 (cold side and hot side) at constant fouling
factor coefficient (cold fluid and hot fluid), plate thickness, and plate thermal conductivity, result the decreasing of
Zone 1 overall coefficient as in Fig. 9a. The decreasing of Zone 1 overall coefficient at constant Zone 1 heat flow
rate and true temperature difference, make the Zone 1 total heat transfer area in Fig. 4a increase.

The calculation method of Zone 2 hot side plate film coefficient is different, because there are two phase changed
in it. Based on Fig. 9b, the Zone 2 hot side plate film coefficients are almost constant, because they are slight
increasing and can be analyzed as follow. The decreasing Zone 2 overall coefficient and cold side plate film
coefficient, the unchanged plate thickness and plate thermal conductivity, result the slight increasing of the
condensation heat transfer coefficient as in Fig. 6. The sharp drop of Zone 2 overall coefficient and slight increasing
of condensation heat transfer coefficient at the constant log mean temperature difference and temperature correction
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factor, make the differences between saturated and wall temperature decrease slightly in Fig. 8. Slight drop of the
differences between saturated and wall temperature at the unchanged liquid and gas density, gravitational
acceleration, latent heat, liquid thermal conductivity, and liquid viscosity, result the slight increasing of Zone 2 hot
side plate film coefficient. The slight increasing of Zone 2 hot side plate film coefficient and the decreasing of Zone
2 cold side plate film coefficient at constant fouling factor coefficient (cold fluid and hot fluid), plate thickness, and
plate thermal conductivity, result the decreasing of Zone 2 overall coefficient as in Fig. 9b. The decreasing of Zone
2 overall coefficient at the unchanged Zone 2 heat flow rate and true temperature difference, make the Zone 2 total
heat transfer area in Fig. 4b increase. The increasing of the Zone 1 total heat transfer area in Fig. 4a and the Zone 2
total heat transfer area in Fig. 4b make the total heat transfer area and the total number of plates in Table 3 increase
at the rises of plate spacing.

Fig. 5. Effect of plate spacing (d) on channel cross sectional
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equivalent diameter, the decreasing of channel velocity at constant path length and fluid density make the cold and
hot fluid plate pressure drop in Zone 1 and Zone 2 decrease as in Fig. 10a and Fig. 10b. As the result, the decreasing
of cold fluid in Zone 1 and Zone 2 at the constant pressure losses through the port of cold fluid in Zone 1 and Zone 2
make cold fluid total pressure drop decrease as in Table 3 at the rises of plate spacing. Same with cold fluid, the
decreasing of hot fluid in Zone 1 and Zone 2 at the constant pressure losses through the port of hot fluid in Zone 1
and Zone 2 result the decreasing of hot fluid total pressure drop as in Table 3 at the rises of plate spacing.

4. Conclusion

The rises of plate spacing result the increasing of total heat transfer area and total number of plates
(unpreferable), but the rises of plate spacing also result the decreasing of cold and hot fluid total pressure drop
(preferable), so the size choice of plate spacing can be adjusted with the requirement of the utilization purpose.
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