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ABSTRACT

Reducing the energy consumption associated with industrial process heating is one of the crucial steps to-
ward building a green and climate-neutral Europe, as the thermal energy demand of industry accounts for
a significant portion of the total primary energy consumption and carbon emissions of this sector. In this
regard, waste heat utilization using high-temperature heat pump systems is one of the most promising so-
lutions to increase industrial energy efficiency. To efficiently recover and convert the available waste heat,
the performance of the individual heat pump components, in particular the heat exchangers, is key. This
paper reports a comparison between two different evaporator concepts considered for high-temperature
heat pump systems, namely the shell and tube and the falling film evaporator. Four key characteristics of
the two evaporator concepts are analyzed and compared: the overall heat transfer coefficient, the induced
pressure losses, the footprint, and the required refrigerant charge. The results indicate that the falling film
evaporator features a higher overall heat transfer coefficient and enables approximately a 77% reduction
of the required working fluid charge with respect to the shell and tube evaporator.

1. INTRODUCTION 486

A critical milestone toward attaining climate neutrality is the decarbonization of the energy demand in
industry. Currently, process heating accounts for a significant proportion of the total energy demand of the
industrial sector. For example, in 2019, the share associated with process heating alone was approximately
53% (Robert et al., 2020). One of the solutions to offset this energy demand consists in recovering waste
thermal energy from industrial processes.

In such a context, the exploitation of waste heat through high-temperature heat pump (HTHP) systems is
recognized as one of the main options to enhance industrial energy efficiency (Kosmadakis, 2019; Arpa-
gaus et al., 2018). However, despite the potential of the technology, the deployment of high-temperature
heat pumps in industrial processes is still marginal. The reason thereof is related to several technical lim-
itations, e.g., low thermal efficiencies, relative large footprint, and other installation requirements, which
hamper the integration of new heat pump systems in existing factories (Jiang et al., 2022).

Heat exchangers are key components of this technology, as their design affect the thermodynamic, and
economic performance of the heat pump. A conventional vapour compression cycle-based heat pump
comprises at least two heat exchangers, namely an evaporator and a condenser. As far as the evaporator
is concerned, such a component enables the heat transfer between the waste heat source and the working
fluid. In large-scale industrial heat pump systems, the evaporator is often of the shell and tube type
with a kettle configuration (Reay, 2002; Zohuri, 2022). The simplicity of the design and operation is
obtained at the cost of a large working fluid inventory and installation footprint. A potential alternative
to kettle boilers, or more in general pool-boiling heat exchangers, is the falling film evaporator with
horizontal tubes. This solution offers several advantages, like reduced installation footprint and operating
costs (Hofler, 2019). Those benefits arise from the higher heat transfer coefficient on the working fluid
side of the heat exchanger, and the reduced amount of working fluid charge needed (Roques and Thome,
2007a). In recent years, horizontal falling film evaporators have seen successful applications in various
industrial sectors, such as petrochemicals, seawater desalination and refrigeration systems (Fernandez-
Seara and Pardinas, 2014).

7th International Seminar on ORC Power Systems, September 4 — 6, 2023, Seville, Spain


https://dx.doi.org/10.12795/9788447227457_82
https://creativecommons.org/licenses/by-nc-nd/4.0/deed.es

Paper 1D #82, page 2 of 10

This article reports a comparative study between a shell and tube pool-boiling type evaporator and a
falling film evaporator for an industrial high-temperature heat pump. The comparison is drawn at design
point conditions, with respect to key performance quantities, such as the overall heat transfer coefficient,
pressure losses, installation footprint, and the required refrigerant charge. Furthermore, an off-design
performance analysis was performed for the falling film evaporator. The performance of the falling film
evaporator was simulated by means of a 1D steady-state model, while the commercial design software
ASPEN was utilized to simulate the shell and tube evaporator (Aspentech, 2022).

2. METHODOLOGY

This section describes the modelling approach adopted for the the falling film and shell and tube evapo-
rator models.

2.1 Falling Film Evaporator (FF)

To simulate the falling film evaporator, a steady-state lumped parameter model was developed, whose
system boundaries are shown in Figure 1. The hot fluid enters the tubes from the top inlet, while the
cold refrigerant is sprayed onto the tube bundle. To simplify the model, the following assumptions are
made:

1. The shell-side pressure is constant.

2. Thermal losses to the environment are negligible.

3. Flow maldistribution effects due to non-uniform liquid film distribution over the tubes are ne-
glected.

Cold fluid = = System Boundary

Figure 1: System boundaries of the falling film evaporator model.

To capture the variation of the mass flow rate of the liquid film from the top to the bottom rows, a tube

[33¢3]

row-wise discretization of the evaporator is implemented, as shown in Figure 2, where the index “i” and

[33¢2)

7" refer to a given tube row and pass, respectively.

The energy balance and heat transfer rate across a tube can be expressed as

Thhot, i€Phot, i (Thot in, i — Thot out, 1) = Tdinner Ltube Mhot, i (Thot mean, i — Twallinner, 1), (1)

mevap, i AI_Ivap = 7I'douter Ltube hﬁlm,i (Twall outer,i — Tﬁlm) ) (2)

27 Awall Liube (Twall inner, i — Tyan outer, i)
)
In (douter/ dinner)

G)

mhot, iCP,hot, i(Thot in, i~ Thot out, i) =

where Equation (1) and Equation (2) express the energy balance and heat transfer rate for the hot fluid
inside the tubes and the cold fluid film respectively, while Equation (3) refers to the tube wall.

Here, v is the fluid mass flow rate, cp the specific heat capacity, T the temperature, A the thermal con-
ductivity, and A the heat transfer coefficient. The parameters doyter, dinner and L indicate the tube’s outer
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Figure 3: Schematic of the elementary vol-
Figure 2: Discretization scheme used for the ume of the discretization scheme adopted in
falling film evaporator model. the falling film evaporator model.

diameter, inner diameter, and length. The subscripts ‘out’ and ‘in’ refers to the inlet and outlet of an
individual tube.

To estimate the convective heat transfer coefficient of the hot fluid inside the tubes (A1), the correlation
proposed by Bell and Muller (2001) is used. This correlation accounts for the fluid properties and the
tube characteristics and reads

0.14
By = C Aot Re8 pyl/3 ( Hhot ) 7 4)

dinner Hwall, inner

where Re and Pr represent the Reynolds number and Prandlt number. Besides, i represents the dynamic
viscosity of the fluid and C'is a constant that varies depending on the tube type (plain or finned). In the
current study, plain tubes are considered. The corresponding value of C is 0.021.

Concerning the liquid film, three main flow modes have been described in the literature, namely, droplet,
column/jet, and sheet mode (Mitrovic, 1986), that may influence heat transfer. In addition, two interme-
diate flow modes can establish in the falling film: column-sheet and droplet-sheet, as reported by Hu and
Jacobi (1996). The dependency of the heat transfer coefficient as a function of the flow mode is, to a
first approximation, limited, and, at the same time, quite complex to model, as mentioned in (Roques and
Thome, 2007b). Thus, in engineering practice, the heat transfer correlations account only for the onset of
dryout (Yang and Wang, 2011).

Different methods have been proposed in the literature (Zhao et al., 2022; Thome, 2016) to predict the
onset of dryout and the corresponding heat transfer coefficient as a function of film Reynolds number and
heat flux. However, since the majority of these methods have been developed for specific fluids and are
only valid for a specific range of Reynolds number and heat flux, their applicability to the evaporator of
the heat pump system under investigation in this study is arguable. Therefore, three different correlations
for the film heat transfer coefficient were assessed. The predictions of these correlations were compared
with literature data to identify the most suitable one for the design of a falling film evaporator for the
considered heat pump system (see Section 4.1).

The first method is the one developed by Shah (2021) for plain tubes, which can be, in principle, used
with arbitrary fluids. Such a method is an extension of the superposition method reported by Rohsenow
(1952). The other two procedures evaluated for the film heat transfer coefficient estimation were those
developed by Roques and Thome (2007b) and Jin et al. (2019). As that of Shah (2021) was eventually
selected for the falling film evaporator model, only this method is reported here in detail.

According to Shah (2021), the overall heat transfer coefficient during boiling in forced convection can
be expressed as a linear combination of the heat transfer due to nucleate boiling and that due to forced
convection. Moreover, when nucleate boiling occurs, the stirring action of the bubbles makes the tran-
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sition from laminar to turbulent flow occur at low Reynolds numbers. Then, the two-phase heat transfer
coefficient for the falling film can be written as

hgm = max [hc,lann (hnb + hc,turb) ]7 (5)

where h,;, represents the heat transfer coefficient for the nucleate boiling regime, while i jam and i gurh
represent the laminar and the turbulent forced convection heat transfer coefficient, respectively.

To compute the forced convection heat transfer coefficients, the method of Shah relies on the correlations
developed by Lorenz and Yung (1979) for the laminar and turbulent flow regime, which read

2 -1/3
hc,lam =0.821 ( ﬁ31m ) Reﬁlori?Q, ©
9 flm
2 -1/3 0.65
v,
hc,turb =0.0038 (%) Regﬁln ( Vfilm ) . (7)
g)\ﬁlm Qfilm

In Equation (6) and Equation (7), v and « are the kinematic viscosity and the thermal diffusivity of the
fluid, respectively. Besides, Regyy, is defined as Regy, = 4T/ pugim, where T is the film mass flow rate per
unit length on one side of the tube.

In Equation (5), h,y, is estimated using the correlations developed by Mostinski (1963) and Cooper (1984).
Shah (2021) recommends Mostinski’s correlation for hydrocarbons and Cooper’s correlation for all the
other fluids. For completeness, the two correlations are reported below
Mostinsks : 0.00417 q0'7p2'69 (1.8p9'17 +4pl? + IOp}O) ,
hop = 8
’ Cooper : 55 q0'67M_0'5p§0'1270'087111f) (-0.4343 lnpr)fo‘55 ) ®

In Equation (8), ¢ represents the heat flux, M refers to the molecular weight of the refrigerant and p

refers to the fluid pressure, whereas the subscripts “r” and “c” indicate the reduced and critical pressure
respectively.

In the vapour superheating region of the falling film evaporator, the main heat transfer mechanism is that
of forced convection. The corresponding heat transfer coefficient and friction factor are predicted with
the correlations recommended in (Verein deutscher Ingenieure, 2010, Chapter G7 and M1), assuming that
the tube bundle features low-finned tubes.

Once the various heat transfer coefficients are known, the overall thermal resistance (U) across a tube
wall can be computed as

1 1 dout dout ( dout ) 1 ( dout )
P 1 R oul\ =5 |>» 9
U hin ( din ) * 2Awall ! din ’ Pgiim + ol din ®

where the reference area is the external one of the tubes. The heat flux over each tube row is evaluated
assuming the log-mean temperature difference (LM'TD) as the effective temperature difference between
the hot and the cold fluid, namely

(Thot 1;11—T1_10Tt out,i)_ (10)
In (M)

Thot out, ifTﬁlm

q=U-LMTD =U

Finally, the total thermal energy exchange in the evaporator is computed as
Npass N.i

Qtotal = Z ZQ(J', i) Atube ’ (11)

j=1 i=1
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where Aype refers to the outer surface area of a single tube.

The complete procedure used to design the falling film evaporator is illustrated in Figure 4. Given the
process conditions, the evaporation region is designed first. Next, the number of tubes required for the
vapour superheating is computed, and finally, the required shell geometry is obtained. The whole model
is linked to an optimizer, as also shown in the same figure.

The target of the optimization is the minimization of the net volume of the evaporator while satisfying
various design constraints, namely, the overall thermal duty and the minimum evaporated mass flow rate.
The design variables are the tube length, the number of tubes in the first and second pass of the tube
bundle where the evaporation occurs, as well as the number of tubes per row. All the other geometric
characteristics, such as tube diameter and fin dimensions, are prescribed inputs.
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™ tube pass

i Inlet conditions of fiiim mase flaw rate Compute HTCs and
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Figure 4: Falling film evaporator model structure.

All the fluid properties are evaluated using REFPROP-10.0 (Lemmon et al., 2018). The Single Objective
Genetic Algorithm (SOGA) is used as the optimization method, while the Latin hypercube sampling
(LHS) algorithm is adopted to obtain an initial population of the solutions of SOGA, with 10 samples per
design variable (Blank and Deb, 2020).

2.2 Shell and Tube Evaporator (ST)

The commercial software package ASPEN (Aspentech, 2022) is used to model the shell and tube pool-
boiling type evaporator. This features an unbaffled tube bundle with 4 passes on the tube side and a single
one on the shell side (TEMA Type: NXN).

3. CASE STUDY

The application of interest is a vapour compression cycle-based industrial high-temperature heat pump
(HTHP). Figure 5 shows the schematic of the selected heat pump and Table 1 presents the associated
design specifications of the evaporator. As mentioned earlier, the total shell volume was selected as the
design objective to be minimized. The bounds of the design variables included in the optimization are
shown in Table Al.
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@ /\ Table 1: Evaporator design specifications for the

selected heat pump test case.

Sub-Cooler Condenser

Refrigerant Hot Source
(R1233zdE) (H20)
In Out In Out
N Temperature [K] 340.15 355.15 365.15 345.15
'\\/ Mass flow rate [kg s™!]  15.44  15.44 25.0 25.0
Evaporator Vapor Quality [-] 0.2715 1.0 0.0 0.0
Pressure [10° Pa] 4.73 - 4.0 -

Figure 5: Selected heat pump process flow dia-
gram.

4. RESULTS AND DISCUSSION

This section reports first the verification study of the developed falling film evaporator model. Subse-
quently, the comparison between the falling film and the shell and tube evaporator design is reported for
the heat pump case under consideration.

4.1 Falling Film (FF) Model Verification

To verify the falling film evaporator model, the numerical results reported by Hofler (2019) were used as
a benchmark. The author documented a 2D model of a falling film evaporator for an ORC application,
though the adopted film heat transfer coefficient correlation was not mentioned. As discussed previously,
the model developed in this work can make use of three different correlations to this purpose, more pre-
cisely those proposed by Roques and Thome (2007b), Jin et al. (2019), and Shah (2021).

185
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Total Q [MW)]
-
W
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—e— Ref. Hifler (2019)
—#— Roques and Thome (2016) 160 —&— Roques and Thome (2016)
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Shah (2021) Shah (2021)
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—e— Ref. Hofler (2019)

\
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(a) Total thermal energy exchange. (b) Evaporated fluid mass flow rate.

Figure 6: Falling Film evaporator model verification with the data provided in Hoéfler (2019).

Figure 6a and Figure 6b show the comparison between the results reported by Hofler (2019) and those
obtained from the model developed in this study. Notably, the overall thermal duty and the evaporated
fluid mass flow rate are compared for the three different film heat transfer correlations considered in this
work. It can be observed that the correlation developed by Roques and Thome (2007b) and that of Jin
et al. (2019) result in a relative deviation of about ~5% with respect to the reference data. Conversely,
the correlation developed by Shah (2021) show a maximum difference of ~2%. Note that the correlations
of Jin et al. (2019) and Shah (2021) were derived by considering experimental data for falling films of
different fluids. However, Jin et al. (2019) only considered 5 fluids and reported a high discrepancy
between the predictions of the correlations and the experimental data (+/- 30%), whereas Shah (2021)
considered 11 different fluids and reported a higher accuracy of the developed correlation (+/- 20% of
deviation with respect to the experimental data). Based on this consideration and the better match with
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the data in Hofler (2019), the correlation of Shah (2021) was, thus, selected for the design of the falling
film evaporator in this study.

4.2 On-design Results

Both the falling film (FF) and the shell and tube (ST) evaporator were designed for the process specifica-
tions reported in Table 1. Table 2 compares the corresponding characteristics of the two heat exchangers,
where € represents the relative difference of a specific design characteristic (x) with respect to the shell and
tube evaporator design. The FF evaporator features plain tubes in the evaporating region and finned tubes
in the superheating part. For the ST evaporator, finned tubes were considered for the whole tube bundle.
The main geometric parameters of the considered plain and finned tubes are presented in Table A2.

Table 2: Main characteristics of the falling film and shell and tube evaporators at design conditions.

Parameter Unit Shell and Tube Falling Film € [%)]
Total Cold Fluid Evaporated kg s~ 11.25 11.25 0.0
No. of Tubes for Evaporation - 305 120 -60.7
No. of Tubes for Superheating - 202 148 -26.7
Tube Length m 5.9 5.79 -1.9
Shell Outer Diameter m 0.65 0.61 -6.2
Total Shell Volume m? 1.97 1.67 -15.2
Average U Wm2K! 555.1 1455.8 162.3
Liquid Refrigerant Inventory kg 1590.7 361 -77.3
Pressure Drop Hot Fluid kPa 67.1 21.5 -67.9

The overall heat transfer coefficient for the FF evaporator is 2.6 times higher than that of the ST evaporator.
As a result, the heat transfer area required is smaller for the FF heat exchanger, and the number of tubes
in the evaporating region is more than halved as compared to the ST evaporator. The latter features four
tube passes, whereas the FF evaporator three tube passes, one for superheating and two for evaporation.
This difference in the pass configuration, in combination with shorter tubes, results in a three-time lower
pressure drop in the hot fluid inside the tubes in the case of the FF evaporator as compared to the ST
one.

Another significant difference between the two heat exchanger types is the required cold fluid inventory
in operation. This quantity was estimated by evaluating the liquid level in the shell, given the number of
submerged tubes, and the corresponding volume. Notice that there is no accumulation of working fluid
in the FF evaporator during operation. This heat exchanger has a limited number of fully submerged
tubes, whereas in the ST evaporator 60 % of the tubes are fully submerged. Therefore, the required liquid
refrigerant mass in the FF heat exchanger during operation is ~77% lower than in the ST evaporator.

Figure 7a and Figure 7b shows the cross-sectional view of the ST and FF evaporators, respectively. In
the case of the FF evaporator (see Figure 7b), a qualitative representation of the film liquid distributor
over the tubes is also included. Due to the high degree of superheating targeted in the design, a large
number of tubes are required in both evaporators to reach this vapour condition. In addition, a different
tube arrangement is adopted in the main two zones of the FF evaporator: the tube bundle where the vapour
is superheated features a staggered arrangement, while that where the fluid evaporates an inline config-
uration with a much lower number of tubes per unit volume. Thus, a more compact tube arrangement is
achieved in the ST evaporator. It results that the shell diameter of the two heat exchangers is similar, in
spite of the lower required heat transfer area in the case of the FF topology.
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Figure 7: Cross-sectional view of the tube bundle for the two evaporator types.

4.3 Falling Film Evaporator Off-design Performance

This section describes how the thermal performance of the FF evaporator, with the geometry specified in
Table 2, varies as a function of the injected working fluid mass flow rate. In particular, Figure 8 shows
the corresponding trend in the evaporator thermal duty and the non-evaporated fluid mass flow rate: the
higher the injected mass flow rate, the greater the thermal duty and the amount of evaporated working
fluid. The increase is, however, limited. The thermal duty augments by less than 1% with respect to
the nominal conditions. At the same time, the difference between the injected mass flow rate and the
evaporated one increases, leading to a rise in the liquid level in the shell over time. System operation
becomes thus feasible only if the evaporator is equipped with a recirculation pump. It is worth also noting
that these trends pertain to an optimal FF evaporator design obtained assuming no fluid recirculation. A
better peformance may be achieved if the evaporator design is optimized for larger film flows than the
targeted evaporating mass flow rate.
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Figure 8: Falling film evaporator perfor- Figure 9: Row-wise heat transfer coefficient
mance with film spray mass flow rate (top:  variation with film spray mass flow rate (top:
thermal duty, bottom: liquid accumulation).  first tube pass, bottom: second tube pass).

Figure 9 illustrates the variation of the film heat transfer coefficient along the tube rows of the two passes
in the evaporation region as a function of the film mass flow rate. The heat transfer coefficient in the
second pass is consistently lower than that in the first pass, regardless of the sprayed mass flow rate.
This phenomenon can be attributed to the decrease in the total liquid mass from the top to the bottom
of the evaporator. Additionally, the temperature of the hot fluid inside the tubes decreases as it moves
downwards. Thus, a higher temperature difference is established at the top of the heat exchanger than at
the bottom. Notice also that the last two rows of the second pass are fully submerged by the liquid.
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If the local film mass flow rate on the tube surface is insufficient and the corresponding tube wall temper-
ature is high enough, a local dryout may occur. This results in a smaller effective wetted area on the tube,
leading to a lower effective heat transfer coefficient. This effect becomes more prominent at low film
mass flow rates. One potential strategy to prevent these conditions is to implement a control loop over the
working fluid feed pump, thereby ensuring a proper wetting of the tubes. However, this strategy, again,
entails the use of a recirculation pump to maintain a constant liquid level in the shell (Hofler, 2019).

5. CONCLUSIONS

This study compares two evaporator concepts, namely the falling film and the shell and tube, for an indus-
trial high-temperature heat pump application. A 1D model of the falling film evaporator was developed
and verified by comparing its predictions against reference data reported in the literature for a test case
similar to that investigated in this paper. The shell and tube evaporator is of the pool-boiling type, features
a tube bundle with four passes on the hot side, and its design was performed using the commercial tool
ASPEN. Based on the results of this study, the following conclusions can be drawn

1. The falling film evaporator features a 2.6 times higher overall heat transfer coefficient with respect
to the shell and tube heat exchanger.

2. A fluid inventory reduction of around 77% is achieved by means of the falling film evaporator due
to the lower number of submerged tubes. In addition, the falling film evaporator allows for about a
15% reduction in total component volume, as compared to the standard shell and tube evaporator.

3. Forhigh degrees of superheating, the required number of tubes tends to be large, dictating the overall
shell size for the case of the falling film evaporator. Therefore, it is expected that the smaller the
degree of superheating, the more compact the falling film evaporator.

4. The heat transfer in the the falling film evaporator can be further enhanced increasing the injected
liquid mass flow rate. This can be especially useful to prevent the occurrence of dryout in the
tube rows at the bottom of the evaporator. This solution entails a higher system complexity, as a
recirculation pump would be necessary to maintain a constant liquid level in the evaporator.

Future work will focus on comparying additional heat exchanger types, such as plate and shell-and-plate
evaporators, to identify the most suitable heat exchanger topologies for high-temperature heat pumps.
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A. APPENDIX

Table A1: Bounds considered for the design vari- Table A2: Geometric characteristics of the tubes.

ables of the falling film evaporator

Parameter Unit Plain Tube Finned Tube

Design Variable Bounds

douter mm 19.05 19.05
Number of tube rows (1st pass)  [2, 25] dinner mm 17.78 12.58
Number of tube rows (2nd pass) [2, 25] droot mm - 15.88
Number of tubes per row [2, 20] Fin height mm - 1.588
Length of tube [0.5, 6.0] Fin thickness mm - 0.4

Fin pitch mm - 0.9775
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