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Abstract

The objective of the present study was to develop a dynamic model to simulate a prototype falling-film
evaporator that is part of a single-bed adsorption chiller test bench located at the Department of Energy of
the Politecnico di Milano. The model is based on evaporator energy and mass balances and was calibrated
and validated using experimental data coming from realistic operating conditions in a range of inlet chilled
water temperatures (Tjy, cpy) from 15 to 25 °C. From the experimental data, it was obtained that the average
overall heat transfer conductance (UA) was approximately 530 W/K for all temperatures during the quasi
steady-state section of the process. A correlation to calculate the wetted surface through a variable called
wettability factor (f,,.;) was developed from experimental data. The f,,.; factors were identified using the

model and were in the range of 0.80 — 0.20 (T, cpyw = 15 °C) and 0.60 — 0.20 (Tj cpy, = 25 °C). It was seen
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that, the higher the Tj; cpw, the lower the f,,¢; values. The UA and saturation temperature (Tref sq¢) values

from the model were in good accordance with experimental data during the quasi steady-state section of the
process. Nevertheless, the final transition stage (a situation in which, for single-bed adsorption chillers, the
evaporator’s refrigerant pool is empty) required an additional hypothesis due to the uncertainty of the
process’ dynamics when no more recirculated flowrate falls on top of the tubes. The mass and energy
balances that are part of the hydrodynamics and heat transfer sections of the model use Nusselt’s classic

theory for falling-film.

1. Introduction

Adsorption chillers can rely on waste heat and/or solar collectors as heat source. This represents an important
characteristic for this kind of chillers because they are able to use low-temperature heat sources
(temperatures lower than 90 °C) for functioning. This advantage makes them an interesting technology for
different applications, such as air conditioning, solar cooling, industrial refrigeration, cold storage, and
desalination (Mitra et al. (2014); Chauhan et al. (2022)). Furthermore, another advantage for adsorption
chillers is the fact that water can be used as refrigerant. The main components of an adsorption chiller are the
evaporator, sorption beds and the condenser. Adsorption chillers generally work in two modes:
adsorption/evaporation and desorption/condensation, meaning that they are characterized by a transient
operation. Therefore, the most common configuration of an adsorption chiller includes two sorption beds,
one connected to the evaporator for adsorption/evaporation and the second one connected to the condenser
for desorption/condensation. Both beds switch their connections between the evaporator and condenser
continuously depending on their working mode. Details on principle and operation of the basic sorption
cooling cycle can be found elsewhere (Ziegler (2009)). More complex adsorption cycles, based on multiple
adsorbent beds and different heat and mass transfer recovery schemes, have been proposed to improve the
adsorption chiller thermodynamic performance (Aprile et al. (2020); Muttakin et al. (2021)).

An important component of this heat pump is the evaporator, and its proper functioning can represent a
bottleneck situation for the entire system (Lee et al. (2020)). As previously mentioned, water can be used as
refrigerant for adsorption heat pumps, forcing the evaporator to work in sub-atmospheric conditions

(pressures that can be in the range 0.5 — 5 kPa (Thimmaiah et al. (2017))). Consequently, small pressure



variations can alter the operation of the evaporator. Furthermore, a low heat transfer coefficient from the
evaporator’s side leads to a higher temperature difference between the tube’s wall and the refrigerant water;
this means that both the evaporator and adsorption bed would suffer a decrease in the working pressure,
penalizing the adsorption process.

Adsorption chillers can be coupled with evaporators that use as heat transfer mechanism either pool boiling
(Thimmaiah et al. (2017)) or falling-film (Toppi et al. (2022)). Flooded evaporators require that the tubes are
completely immersed in the refrigerant pool; on the other hand, falling-film evaporators use a system in
which the refrigerant is sprayed on top of the tubes, forming a layer of film on the tubes’ surfaces. Falling-
film evaporators have important advantages over their pool boiling counterparts, such as lower amount of
refrigerant load, smaller and more compact design (costs reduction) and higher heat transfer coefficient
(Ribatski and Jacobi (2005)).

Regardless of these advantages, the main aspect that can alter the operation of falling-film evaporators in
adsorption chillers is the liquid distribution on the tubes bundle. This is because a bad liquid distribution can
give rise to surface dryout, affecting the heat exchange area, which is the wetted surface (Ribatski and
Thome (2007)). The fluid distribution across the tubes can also be affected by the continuous evaporation of
refrigerant, leading to the formation of dry patches and reduction in the wetted area. This, in turn, also means
a reduction of the heat transfer coefficient, worsening the heat transfer process (Ribatski and Thome (2007)).

Falling-film evaporators and adsorption chillers have been investigated in literature from an experimental
and theoretical point of view. Volmer et al. (2017) studied from an experimental and theoretical point of
view the evaporation dynamics of a tube-fin evaporator, studying both thin film and flooded evaporation at
sub-atmospheric conditions. When explaining the behavior of the UA curves, they highlighted that the initial
section was characterized by a good thermal contact between the fluid and the tubes’ surfaces; however, they
pointed out that the following plateau section was due to refrigerant being held in the spaces between fins by
capillary forces. They also developed a model based on thermal resistances to simulate the thin film
evaporation and validated it against experimental data.

Ammar and Park (2021) tested a falling film evaporator for an absorption refrigeration system with seven
different small-diameter tubes to understand how enhanced surfaces could improve the evaporator’s wetting

and performance. They estimated film Reynolds numbers in the range from 10 to 100 and worked with sub-



atmospheric saturation pressure in the range of 0.93 to 1.20 kPa, and obtained that the increase of the
saturation pressure led to an increase of the heat transfer coefficient due to the decrease of film’s viscosity
(thinner film).

The prediction of the evolution of the wetted surface of a falling-film evaporator is a topic that has also been
investigated in literature. Ribatski and Thome (2007) investigated the onset of local dryout of falling-film
with nucleate boiling using saturated R134a as refrigerant, and they proposed a correlation to calculate the
fraction of wetted area as a function of the film Reynolds number. From their results, they obtained that the
decrease of the wetted area affects the heat transfer coefficient. Bustamante et al. (2020b) developed a model
to simulate a falling-film evaporator with rectangular tubes using Nusselt’s classic theory for falling-film.
Moreover, they also developed a correlation to calculate the fraction of wetted surface as a function of
Reynolds number, modified Galileo number and geometric aspects of their falling-film evaporator. Yang et
al. (2017) obtained in their simulation that the falling-film evaporation performance worsened as the dry
patches increased. He et al. (2021) presented a mathematical model for the prediction of dry patches on
falling-film considering the evaporation of film from the tube’s surface. They obtained that the increase of
film flow rate delayed the formation of dry patches, and that they appeared earlier in the surface with the
increase of the spray temperature. De la Calle et al. (2012) developed a model to simulate a horizontal tube
falling film evaporator using as background theory Newton’s viscosity law and Nusselt’s falling-film theory.
The evaporator the authors modeled is part of a double-effect absorption heat pump that, at the same time, is
coupled to a solar thermal multi-effect distillation system. Furthermore, they also included the wetted surface
calculation using as reference the work from Habert and Thome (2010). In a separate publication, De la Calle
et al. (2013) changed their approach and, instead of using Nusselt’s conduction model, they opted to use
correlations from literature.

Another section of the literature review was focused on the analysis of different correlations to calculate the
film heat transfer coefficient (hf;;,) and to check how the wettability of the tube may influence these
correlations. Moreover, the regime under which these correlations were developed was also considered. To
name a few, Chun & Seban (1971) proposed a correlation after studying an electrically heated vertical tube,
using as working fluid pure water. The Chun & Seban (1971) correlation was empirically developed for the

prediction of the film heat transfer coefficient in both laminar and turbulent regimes. The empirical



correlations from Chun & Seban (1971) can be used for the prediction of laminar and turbulent heat transfer
coefficients for vertical tubes (in the fully developed region); moreover, they do not contemplate nucleate
boiling, but film convection. Han & Fletcher (1985) proposed correlations for circumferential and axial
grooves horizontal tubes, studying the turbulent regime. They concluded that, on the turbulent regime, the
film heat transfer coefficient increases with both, saturation temperature and flowrate, leading them to write

a correlation with a direct relationship between hg;;, and the film Reynolds number (Rer). Moreover, their

correlations were developed under a Re range of 770 < Rep < 7000. Owens (1978) proposed a correlation
to predict thin film heat transfer coefficient for horizontal tubes using experimental data from ammonia and
water. The correlation presented by Owens (1978) for non-boiling film evaporation for laminar range used
data from ammonia only. The Reynolds number dependance that Owens (1978) found was the same as the
one from Nusselt’s works on condensation. Alhusseini et al. (1998) also developed a falling film heat
transfer correlation using, as working fluids, water, and propylene glycol (their set-up included an
electrically heated vertical tube). Alhusseini et al. (1998) presented their results with experimental Rep
values in the ranges of 416 — 15600, 139 — 8600 and 190 — 6527 (all of them obtained with water as working
fluid and for temperatures between 99.6 and 38.5 °C). Furthermore, they also obtained that, for laminar films
with low Rer values, the Nusselt number decreased with the increase of the film Reynolds number. For the
case of turbulent regimes, they obtained that the Nusselt number increased with increasing Rep . This
allowed them to conclude that there was a critical Reynolds between 400 and 3000 for the transition between
laminar and turbulent regime. In their model, Bustamante et al. (2020b) calculated a heat transfer coefficient
starting from Nusselt’s film theory, also including the wetting ratio, to account for the wetted area (the
authors reported Reynolds numbers below 600).

The change from laminar to turbulent regime has been highlighted by several authors, and the working
regime influences the choice of the heat transfer correlation. Ding et al. (2018) worked on a CFD model for
falling film on horizontal tubes based on the volume of fluid method and assumed a laminar thin film liquid
flow because the Reynolds numbers were lower than 500. Tahir et al. (2021) carried out the development and
validation of a 2D model for the simulation of a multi-effect evaporator with horizontal tubes. For their
model, the authors considered a laminar flow with a maximum Reynolds number of 460. On their literature

review, Ouldhadda and 1l Idrissi (2001) highlighted that, according to Mitrovic (1986) and Ganic and Roppo



(1980), the fluid is laminar if the Reynolds number is lower than 315; also, Ouldhadda and Il Idrissi (2001)
wrote that, according to Parken and Fletcher (1982) and Ueda and Tanaka (1975), the transition from laminar
to turbulent flow corresponds to Reynolds between 4000 and 6000.

Chyu and Bergles (1987) studied falling film heat transfer on horizontal smooth tubes and developed two
models based on four heat transfer regions outside the tubes. The four heat transfer regions according to
Chyu and Bergles (1987) are: stagnation flow, jet impingement region, thermal developing region (heat is
transferred to superheat the film flow) and the fully developed region (the film flow is characterized by a
linear temperature profile). For the thermal developing region, Chyu and Bergles (1987) assumed, in their
analysis that the film flow was considered laminar, and the heat transfer is only by conduction across the
film. Chyu and Bergles (1987) calculated the heat transfer coefficient for the fully developed zone in two
ways: the first one with the heat conduction solution, while the second one was by means of the Chun and
Seban (1972) correlation. Chyu and Bergles (1987) explained that, at low film flow rates, the major
contribution to the overall heat transfer coefficient comes from the fully developed region, while the
contribution from the jet impingement region is only a small fraction because this is a small region.

Sarma and Saibabu (1992) conducted an analytical study of laminar falling film evaporation on a horizontal
tube with constant wall heat flux. They considered an approach like Chyu and Bergles (1987), in which the
falling film heat transfer is calculated with contributions from different regions. The first heat transfer region
considered by Sarma and Saibabu (1992) was a zone of film superheating with negligible evaporation. The
second heat transfer stage considered simultaneous superheating and evaporation while the third one was
characterized by a linear temperature profile and all heat conducted from the wall is meant for evaporation.
Sarma and Saibabu (1992) proposed a correlation for laminar falling film where the average heat transfer
coefficient is inversely proportional to the film Reynolds number. The Reynolds range for this correlation
was 200 < Rer < 1500. Regarding the link with the peripheral angel, Sarma and Saibabu (1992)
reported that the zone of evaporation begins at an angle near 50° for a Rer of 200, while a Rer of 500 means
that the zone of evaporation begins at almost 130°.

According to literature review, the formation of dry patches is an important aspect to consider in the
operation of falling-film evaporators. Even though a falling-film evaporator can provide more advantages

compared to a flooded evaporator and, furthermore, it can effectively be inserted in an adsorption heat pump



with water as refrigerant (Toppi et al. (2022)), its performance can be negatively affected by a deficient
amount of film flow rate and mass of film on top of the tubes. For the heat pump configuration used to
validate the mathematical model in this article, this decline in performance was commented in Toppi et al.
(2022) through the evolution of the overall heat transfer conductance (UA) during the evaporation process.
The UA conductance includes the contributions of each individual thermal resistance involved in the process,
and, moreover, contains the wetted surface (considered to be the exchange area). Toppi et al. (2022) noted
that the UA conductance decreased continuously as less refrigerant water fell on top of the tubes bundle (also
decreasing the heat transfer flux between the chilled water and the refrigerant film).

Consequently, the dynamic relationship between the heat transfer process and the wetted surface is an aspect
that must be addressed in any experimental or theoretical study regarding falling-film evaporators for
adsorption heat pumps.

The main objective of this study is to develop a dynamic model to fully characterize the performance of a
prototype falling-film evaporator that is part of an experimental adsorption chiller located at the Department
of Energy of the Politecnico di Milano. Several tests were performed on this adsorption heat pump, and the
collected experimental data was then used for the development and validation of a dynamic model able to
simulate the evaporation process.

The novelty of this study relies on the fact that the model was developed and validated against experimental
data coming from realistic operating conditions of an adsorption chiller. This means that the transient nature
of the process during sub-atmospheric conditions and the interaction between the falling-film evaporator and
adsorption bed can be characterized, not only from an experimental point of view, but also from a theoretical
point of view. This transient operation includes the initial stage with the valve opening as well as the final
transition phase when the recirculated flowrate stops arriving at the top of the evaporator and the final
fraction of film on top of the tubes is evaporated.

Moreover, another contribution from the present study is the development of an empirical correlation that
predicts the evolution of the wetted surface for this prototype falling-film evaporator. This is of high
importance because the proper evaluation of the wetted surface allows to obtain, from the model, a realistic

prediction of evaporation dynamics behavior.



The evolution of the wetted surface is analyzed through a variable called wettability factor (f,.;), which
represents the ratio between the wetted surface to the total exchange area and has an important influence in
the entire process. The f,,.; values were identified using the model with experimental data coming from tests
performed with an inlet chilled water temperature (T}, cpy ) range from 15 to 25 °C. The f,.; values were
fitted into a correlation as a function of the Reynolds and Prandtl numbers, to highlight its link with the

refrigerant’s mass of film as well as its temperature and viscosity.

2. Experimental methods

The data used for the calibration and validation of the model comes from tests performed on an
adsorption chiller test bench located at the Department of Energy of the Politecnico di Milano. In this
section, the test bench (which was used by Toppi et al. (2022) on a separate research focused on the
prototype falling-film evaporator) is presented as well as the methodology used to collect the experimental

data.

2.1 Experimental set-up

The used single-bed adsorption chiller is composed by a falling-film evaporator, condenser, and adsorbent
bed. It is connected to three hydraulic circuits (cold water, hot water, and intermediate circuit) that act as the
external sources/sink and provide the necessary water flows at given set temperatures. These external sinks
have nominal capacities of 2 kW (for the evaporator and condenser) and 5 kW (for the adsorbent bed), with
water flowrates in the range 200 — 1000 L/h. The adsorption bed contains granular RD silica gel that is
embedded in a finned heat exchanger. The falling-film evaporator is composed of stainless-steel tubes
divided into two coils, with six tubes per coil. The outside surface of the tubes is corrugated to provide a fin-
like structure and to better distribute the film as it falls on the outside of the tubes. Figure 1 presents different
views from a CAD model of the evaporator to see its internal structure. From Figure 1.a and 1.b, it can be
stated that the water enters in the lower tube and exits from the top tube. Moreover, the orange tube in
Figures 1.a and 1.b is the tube responsible for spraying the refrigerant. Figure 2 presents a picture of the
outside surface of the tubes (seen from a small window in the evaporator’s case) to visualize the corrugated

surface and the channels that guide the refrigerant on the outside surface on each tube.



The refrigerant water is distributed in four sections of the system, being the refrigerant pool, pump’s suction
and discharge tubes and the film accumulated on the tubes’ bundle. The adsorption test bench is shown in
Figure 3.a, while the schematic of the refrigerant mass distribution inside of the evaporator is presented in
Figure 3.b.

The test bench is equipped with Pt 100 resistance temperature sensors to measure the inlet/outlet
temperatures of each component (Pt 100 1/10 DIN class, range: -10 — 100 °C, accuracy: + 0.03 °C at 0 °C).
Pressure transmitters monitor the vapor pressures from each component (range: 0 — 20 kPa, accuracy: 0.25 %
of reading), while magnetic flowmeters are used to measure the water flowrates (range 200 — 1000 L/h,
accuracy < 0.5 % of reading). The evaporator’s recirculated flowrate is measured by an ultrasonic flowmeter
(range 0 — 600 L/h, accuracy + 3 % of reading). A more detailed and expanded explanation of the chiller set-
up configuration and hydraulic circuits can be found in Toppi et al. (2022). The three components work at

sub-atmospheric conditions, and a vacuum pump is used to purge the non-condensable gases from each

component.
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Figure 1 — Falling-film evaporator CAD model: front view section (a) and side view section (b).
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Figure 3 — Adsorption chiller experimental set-up (a) and evaporator refrigerant mass distribution (b).
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2.2 Testing procedure and conditions

Since the test bench is a single-bed adsorption chiller, the evaporation and condensation processes cannot

be carried out simultaneously. The experimental conditions are shown in Table 1, while the used testing

methodology, divided into four phases, is explained as follows:

a.

Heating and desorption/condensation: this process is schematically presented in Figure 4.a. The
adsorption bed is connected to the hot water circuit (TH in Figure 4.a) to be isosterically heated up
with hot water (90 °C) and increase the bed’s pressure until reaching the one in the condenser. The
valves connecting the evaporator and the condenser to the adsorption bed remains closed. Once the
adsorbent’s bed pressure reaches the condenser’s pressure level, the valve connecting the adsorption
bed to the condenser is opened to allow the desorbed vapor flow towards the condenser. The
intermediate circuit (TM in Figure 4.a) is connected to the condenser for the desorbed vapor.

Cooling and adsorption/evaporation: this phase is visually shown in Figure 4.b. With the
desorption/condensation phase over, the valve connecting them is closed and water from the
intermediate circuit is circulated across the adsorption bed to decrease its pressure. Furthermore, at
the same time, an amount of condensed water from the bottom of the condenser is discharged to the
evaporator to create the refrigerant pool, and the recirculation system is turned on. When the
minimum adsorption temperature is reached, the valve connecting the adsorption bed to the
evaporator is opened, to begin the evaporation process. The recirculation system continues to

circulate the refrigerant from the refrigerant pool to the top of the evaporator.

11



¢0 o0

COND @@ COND

® ®
______ P ¢
/(\Pas PO 3 A®)S PP aos, <
X X TH
e, § © sy s
9o 90
t Jevar @ evar, «@ L Jevar @

® - oo, , | " L

(a) (b)

Figure 4 — Single-bed adsorption chiller working scheme: desorption/condensation (a) and

adsorption/evaporation (b).

Table 1 — Experimental tests conditions.

mchw
Tin,chw [OC] P ref,sat [P a] Twater,ads [OC]
[m?*/h]
15-25 1705 -3171 0.4 25

2.3 Approach to the data analysis

For each test, the following quantities were measured with a timestep of one second: inlet chilled water
temperature (T, cny), outlet chilled water temperature (Tpytcny ), chilled water mass flowrate (1fcpy),
refrigerant film saturation pressure (Pgq¢rer) and refrigerant film recirculated flowrate (1.). From these
quantities, others were calculated. The heat flux removed from the chilled water by the refrigerant film
(Qexp) is calculated as presented in equation (1), while the evaporated flowrate (1ifiim evap) 18 shown in
equation (2). Since the uncertainty of the wetted surface does not allow the calculation of the film heat
transfer coefficient (hfjyy,), the UA value is calculated as presented in equation (3), using the logarithmic
mean temperature difference (AT yrp) shown in equation (4). The term Ty.er 54¢ in equation (4) refers to the

refrigerant film saturation temperature.
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Qexp = Mcpw * CPchw (Tin,chw - Tout,chw) (1)

. Qexp (mchw “CPchw - (Tin,chw - Tout,chw))
Msitm,evap = A = h
fg fg

)

_ Qexp

UA 3)

B ATLMTD

AT _ (Tin,chw - Tref,sat) - (Tout,chw - Tref,sat)
LMTD ( Tin,chw - Tref,sat ) (4)
Ln T —
out,chw ref,sat

3. Falling-film mathematical model

In this section, the developed falling-film model is explained. First, the refrigerant mass balances are
shown, followed by the energy balances and the heat transfer equations. The f,,.; identification feature is
also presented to illustrate how the model calculates the f,,.; factors for each timestep. This falling-film
model solves, during each timestep, a system of nine ordinary differential equations that come from the
evaporator’s energy and mass balances. The ODE system includes also calculation of the volume, mass and
temperature of the water vapour phase. The evaporation process is divided into two phases: a first phase of
quasi steady-state conditions in which the refrigerant pool is present in the evaporator (My,; > 0), and a
second evaporation phase (final transitory stage) in which the heat transfer rate begins to decrease (My0; =
0). Besides the initial conditions, the model requires primary inputs from experimental data, being the chilled
water flowrate (1cp,y, ), inlet chilled water temperature (Tjp, chw), and film evaporated flowrate (Mfiim evap)-
A general flowchart of the model’s working algorithm is presented in Figure 3. The equations used in the
model are presented in the following sections, but the flowchart in Figure 3 presents a general idea of the
model’s working algorithm. After reading the experimental primary inputs and initial conditions, the model
computes the refrigerant’s properties as well as those from the chilled water (secondary inputs). By knowing

the mass distribution and Mgy, the wetted surface is estimated as well as the film’s thickness (Sfilm)-
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Finally, the model solves the heat transfer model by calculating the heat transfer coefficients, thermal

resistances, UA value and heat transfer rate Qgygqp. All of this information is used to solve the ODE system

and get the initial conditions for the next timestep.
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Figure 3 — Model flowchart.

3.1 Refrigerant mass balances

The differential mass balances were derived for each of the four refrigerant sections presented in Figure

3.b, and they are detailed in equations (5), (6), (7) and (8) for Mpoo1, Mriim» Msuction and Mgjscharges

respectively. The film’s thickness of one tube is calculated using the mass of film (My;;,,), and it is presented

in equation (9).

AMsiim

deool
dt

dt

14

= Moyt — Myec

rec — Mout — Mfilm,evap

)

(6)



dMsuction _

{ O, Mpool >0
dt - Myec — Moyt Mpool =0
deischarge -0
dt
Mgiim

St =
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(7

®)

9

In equation (9), the term Ay e refers to the area of one tube, and it is multiplied by the total number of tubes,

being twelve (see Figure 1.b). The term p; refers to the saturated refrigerant liquid density. The term 11, is

the flowrate falling to the pool from the final row of the tubes bundle (see Figure 3.b), and it’s calculated

with equation (10). Equation (10) was derived starting from the average film thickness from equation (9) and

the use of Nusselt’s equation for falling-film thickness (equation (11)).

It is important to point out that, as equation (11) suggests, the film thickness depends on the angular position

(8;); for each tube, six angular positions were considered (from 30° to 180° in steps of 30°). The flow density

term (I"), which represents the mass flowrate of film flowing on one side of the tube, is presented in equation

(12).
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r _ () (12)

In the previous equations, the terms pyef sqr and p,, refer, respectively, to the saturated refrigerant dynamic
viscosity and vapor density. The variable g is the acceleration of gravity. In equations (10) and (12), Lype 18
the length of one tube. The fact that equation (10) is re-organized from equations (9) and (11) means that the
term i, directly depends on My;y,. In equation (11), the term I is divided by fy; to highlight the fact
that it is referred to a wetted length. The refrigerant recirculated flowrate (111,..) is calculated using empirical
correlations developed with the experimental data from the performed tests (see Table 1) and using as
reference the analyses from Toppi et al. (2022). The amount of refrigerant water used on each test was
approximately 1.8 kg, which represents around 40% of the full charge the evaporator can hold. However, this
amount of water was chosen because it produces the maximum height of the water column in the refrigerant
pool without touching the final tube. This way, the effect of pool boiling is not present, and the only heat
transfer mechanism is falling-film. For the first evaporation phase (M0, > 0), equation (13) is used to
calculate mM,;..c; when the pool is empty (Moo = 0), 7y, is calculated with equation (14). To develop
equations (13) and (14), the values of 71,,., were measured from experimental tests, while the pressure
difference (AP) and bottom refrigerant saturation temperature (Tp,;) were estimated by knowing M,,;. The
fitting procedure to determine the coefficients of equations (13) and (14) (presented in Table 2) was carried
out in Matlab using the “cftool” command and the root-mean squares error method (RMSE). This way, 1.,
was correlated with AP and Tp,,, with 8910 Pa being the limiting value before entering the final transitory
stage (i.e., changing from equation (13) to (14)). To smooth the transition between the two curves, the
hyperbolic tangent is used, as presented in equation (15). A final aspect to highlight about equation (13), (14)

and (15) is that the 1., output is in m* h™'; with the use of the density, it can be switched to kg s™'.

. AP — 9000 AP — 9000 T,or — 10.90 T,or — 10.90
- ) N el . (Zbot — 2P . (Zbot — 2P 1
Mrec,t a1+( 53.36 ) [“2 Ga ( 53.36 ) 5 ( 3.126 )] 3 ( 3.126 ) (13)
_ b ( AP )bz (Tbot + 273.15) (14)
Mrec2 = P17 (8910 647.096
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, , AP — 8910 _ AP — 8910
Myee = Myoct * (0.5 - tanh (T) + 0.5) + Mygep | 1— (0.5 - tanh (T) + 0.5) (15)

Table 2 — Recirculated flowrate correlations coefficients.

Coefficient Value

a, 0.1793
a, 0.05213
as -0.01643
a, -0.004222
as -0.003321
by 0.1839
b, 2.458

3.2 Energy balances and heat transfer model

3.2.1 Chilled water and film refrigerant energy balances

The energy balances were imposed to calculate the film’s saturation temperature (Tr¢f 5q;) and the outlet
chilled water enthalpy (hyy¢cnw) and are presented in equations (16) and (17). The energy balance of
equation (16) considers Mg;;,,, the generated mass of vapor (M,,) and the mass of the heat exchanger tubes
(Mpyx). The heat transferred from the chilled water to the refrigerant (Qepqp) is calculated according to
equation (18). The overall heat transfer conductance (UA) was first presented in equation (3), as a function of
variables calculated from experimental measurements; however, inside the model, thanks to the presence of
the f,,e¢ factor, the UA term can be calculated using all the thermal resistances, as detailed in equation (19).
These thermal resistances are the chilled water forced conduction resistance (R, ), cylinder wall conduction
resistance (Ry,qy;) and film heat transfer resistance (Rf;;,). The chilled water heat transfer coefficient (hepy,)
is calculated using Gnielinki’s correlation (Gnielinski (1976)), as presented in equations (20) and (21) (for

Reynolds numbers between 2300 and 5 - 10°). The variable h.y,, depends on the chilled water Reynolds and
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Prandtl numbers (Re.y,, and Pr.p,,, respectively) as well as the friction factor f, calculated with equation

@1).

. aM.
dTref,sat _ —Mriim,evap (hfg) + Qevap — d_tv (hfg + Cpref,sat ) Tref,sat) (16)
dt Mfilm ' Cpref,sat + M, - Cpref,sat + Myyx * Cpux
dhout,chw _ mchw ! (hin,chw - hout,chw) - Qevap (17)
dt M pw
. UA
Qevap = Mepw * COchw * (Tin,chw - Tref,sat) ' (1 — €exp (_ —C)> (18)
Mchw Pchw
-1
UA = (Ren + Rwau + Rpim) = L, Ln(gzz) ! (19)
chw wall fitm hchw A 2-m-L- AHX Efilm ’ fwet Aext
(é) *(Recpw — 1000) - Propy,
Nuchw = f 0.5 2 (20)
(L . 3 _
1+ 12.7 (2> <Prchw 1)
1
f =0.078 (Regpy) * 21)

3.2.2 Film heat transfer coefficient

The two main variables from equation (19) that are directly related to the refrigerant film are the

wettability factor (fye) and the film heat transfer coefficient (hf;;m, ). The correlation used for the calculation

of fier 1s one of the results of this study, and it is presented in section 4.1. On the other hand, as was

presented in the introduction of this article, there are available several correlations to calculate hgjpy,, but

those correlations were developed under specific experimental conditions and for specified ranges of Rer,

which means that they can be out of range if used to validate the model for this falling-film evaporator.
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Moreover, the calculation of hg;;,, depends on if the film is in laminar or turbulent regime and needs to
include the influence of the wettability of the tubes. For this model, hf;;,, was calculated using Nusselt’s

classic theory for falling-film, with the use of the saturated film’s thickness and thermal conductivity

(Aref,sat)» as expressed in equation (22).

3.y - ( r ) 3
Aref,sat =1 e H fwet (22)
Srum @)~ T N pr- (o — py) - g - sin(6))

heim (6;) =

The choice of equation (22) assumes that heat is transferred by conduction across the film and that the
falling-film is laminar. According to the analyses presented in the introduction from Sarma and Saibabu
(1992) and Chyu and Bergles (1987), the Nusselt conduction model holds for laminar films and, furthermore,
in the fully developed region. The change from one heat transfer region to another in the outside of the tube
is marked by the angular sector; in the introduction it was reported that Sarma and Saibabu (1992) obtained
that, for a Rer of 200 and assuming a fully wetted surface, the zone of simultaneous superheating and
evaporation began at an angle of approximately 50°. For the case of sensible heat transfer, Zhao et al. (2022)
stated that, when the film reaches the fully developed laminar flow regime, the film thickness becomes the
determinant parameter for the heat transfer across the liquid layer and, in this case, the film thickness is
inversely proportional to the heat transfer coefficient.

Considering the laminar/turbulent ranges presented in the introduction and that the experimentally obtained
Rer values are in a range of 120 — 4.5 (calculated with 1, and equation (29), discussed in section 4.1) and
in a range of 200 — 20 if a wetted length is considered (i.e., equation (29) divided by the obtained f,, ¢
values, see section 4.1), the first remark to be made is that the falling-film flow can be considered in the
laminar range and Nusselt’s equation for film thickness (equation (11)) can be used.

For the case of equation (22), an assumption must be made. Without the exact knowledge of the peripheral
angle where the film becomes fully developed and considering both, the calculated Rer numbers and the
results from Sarma and Saibabu (1992), equation (22) is used under the assumption that, for the laminar

flow, all heat is transferred by means of conduction through the film with simultaneous superheating and
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evaporation beginning at a peripheral angle below 50° (it was set to divide the tube in six angular sectors

from 30° until 180°). When the average value of hg;,y, is obtained, it is then multiplied by the wetted area,

Ayet, to finally calculate the film thermal resistance, as presented in equation (23).

1 1

Rejim = (23)

Efilm “Ayet Efilm “Aext * fwet

3.3 Vapor model

The final three equations that compose the ODE system are the vapor’s volume, mass and temperature,

respectively presented in equations (24), (25), and (26).

% — dVHX _ deool _ stuction — _l_ deool + dMsuction (24)
dt ~ dt dt dt D1 dt dt
am, 0, Mpim > Mfiim transt
=1 , (25)
dt mevap,film - mevap,valver Mfilm < Mfilm,transt
arT,
f,sat
( %: Mfilm > Mfilm,transt
dly _ |dm, dV, [ P
- = v__ Yy, v
dt dt ~ dt ( ) (26)

’ Mfilm < Mfilm,transt

In equation (24), the term Vyy refers to the empty volume inside the evaporator. In equation (26), B, is the
vapor pressure, while Ry, is the gas constant. The term Mgy qp paive Tepresents the evaporated flowrate that
passes the valve and reaches the adsorption bed. For the entire quasi-steady-state section, equation (25) is

equal to zero (Meyap, fitm = Mevap,vaive); hOwever, after reaching a transition point (Mg, transt), its value
is constant and negative, meaning that there’s a difference between Meyap rim and Meypap vaive (this

hypothesis is further explained in section 4.3). This transition point also affects T, in equation (26)..
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3.4 Model f,,,.; identification equation

The expressions to identify f,,.; from experimental data are presented in equations (27) and (28), and
were derived considering that, only during the plateau section of the process, the experimental heat transfer
rate (gyp (equation (1)) is equal to Qepgp (equation (18)). Considering what was previously shown in

equation (22), the term ¢, introduced in equation (27) and calculated with equation (28), can be defined as a

film heat transfer parameter without considering the wetted surface.

_3
-1 %
Q
fwet =€ || —Cenw " L1 <1 - —t — Renw — Rwan @7)
Cchw ' (Tin,chw - Tref,sat)
3, 1 3 (15, 1 \3
TUp Mypec 3 3
£= 0 A ) 12D (=5) (28)
N4 p- (01— pv)* 9 Leube 6 sin(6;)
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4. Results and analysis

In this section, the f,,.; correlation development is first presented. The data used to calibrate the

correlation comes from a Ty, o, range of 15 to 25 °C. After this, the model results concerning the UA
parameter and Tyef 5q; are shown. Finally, the model’s validation is detailed, as well as the hypothesis
concerning the vapor’s mass and temperature when the refrigerant pool is empty.

4.1. fyer 1dentification results

In Figure 4, the obtained f,,¢; curves for Ty, cpy 0f 15 and 25 °C are presented.

+ T_in_chw =15 [°C]
o T_in_chw =25 [°C]

0 200 400 600 800 1000 1200 1400
Timestep [s]

Figure 4 — f,,o; identified curves.

As can be seen from Figure 6, the higher the Tj;, cpy,, the lower the f,,.; values. This can be explained as the
combination of two factors: first, increasing T;y ., means that the pressure difference between the
evaporator and the one in the adsorption bed increases as well (i.e., the pressure difference between the
evaporator and adsorption bed at a Ty, o, 0f 25 °C is higher compared to that obtained with Ty, .p,, of 20 or
15 °C). Considering that all experimental tests were performed with an adsorption bed’s temperature of 25
°C (see Table 1), the increase of the evaporator pressure means in a higher pressure difference and thus, a
more intense evaporation. The second factor to consider is that, as both Ty, cpy and Tref sq¢ increase, the

film’s viscosity decreases, producing a thinner film on top of the tubes. A thinner film means a lower film
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resistance. This result of a lower f,,; with the increase of Tyef sqr Was also seen in literature (Bustamante et
al. (2020b); He et al. (2021); Zhao et al. (2022); LYu et al. (2018)).

To understand from the experimental tests if the falling film on top of the tubes was on a laminar or turbulent
regime, the experimental Rer values were calculated with equation (29), using m,,. instead of m,,;. The
value of m,,;; was not used because, when gathering experimental data, it was unknown, and it depended on
the fi,er term. The resulting range for Rer values were, respectively, for 15 and 25 °C: 120 — 4.5 and 114 —
4.8. When considering a wetted length for equation (29) with the knowledge of the f,,.; values, the resulting
ranges were, respectively, for 15 and 25 °C: 180 — 20 and 200 — 20. Compared to the values seen in
literature, this permits to establish that the film is in laminar regime and, therefore, the film’s thickness
(8fitm) becomes an important variable for the heat transfer through the liquid layer (conduction through the
film). This way, as equation (22) shows, hy;;,, is inversely proportional to Rer.

For the development of the f,,.; correlation, it was considered that f,,.; depended on the following main
inputs: the mass of film on top of the tubes and the film’s temperature. The mass of film can be represented
using the film Reynolds number (Rer) from equation (29), calculated with m,,; (equation (10)), while the
temperature’s influence can be inserted through the Prandtl number referred to the saturated refrigerant (Pr).
Using Rer as input for the calculation of f,,.; is an idea that can also be found in literature (Ribatski and
Thome (2007); Bustamante et al. (2020b); Habert and Thome (2010); LYu et al. (2018)). The data from the
15 and 25 °C tests was fitted into equation (30) using the root-mean squares error method (RMSE) in Matlab.
The range for equation (30) includes Rer values from 120 until 5 (always in laminar range, excluding low
Rer values), and Ty, ¢y, from 15 to 25 °C. The coefficients af, by and ¢ are equal to 0.0072, 0.4583 and

0.9998, respectively.

4-T
Rep = (29)
.uref,sat
fwet = (ar) - (Rer)®r) - (Pr)(er) (30)
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By introducing the expression for m,,; in equation (29), equation (30) can be re-written as equation (31),
where the direct link between f,¢; and Mgy, is explicitly seen. The term My ij cons from equation (31) is

shown in equation (32).

3bf

1
= M, 1+2bf
_ film (31)
fooe = (ar - Pres f<_>
wet ( ! ) Mfilm,cons

1
3\ 3

(o]

1
3 1 1 \3
gl (12 Agpe * p1)* (g' P (m) )

pr-(pr—pv) g

(32)

Mfilm,cons =

4.2. Model results and validation

The model results were validated against experimental data, and Figure 7 presents the comparison
between the model and experimental data for Ty.er 54, While Figure 8 presents the comparison for UA. Figure
9 presents the f,,.; correlation results. It is important to highlight that the following figures also include the
model results with a Ty, .y, 0f 20 °C. As previously seen in Figure 6, the correlation for f,,.; was developed
using the data from the tests at 15 and 25 °C, so testing the model with an inlet chilled water temperature
inside that interval (20 °C) and obtaining accurate results provides further validation for the developed

correlations and the model.
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Figure 5 — Film saturation temperature comparison.

As can be seen from Figures 7 and 8, the model is able to closely replicate experimental data during the quasi

steady-state section of the process (Mpoo; > 0). Both Tref 54 and UA, as well as the evaporation dynamics,

depend on the accuracy of f,,.:, so both figures confirm that the trend obtained for f,.; was correct.
Following the results from Figure 7, once the steady-state section is over (Mpoo = 0), the saturation
temperature begins to decrease, meaning that the amount of refrigerant that falls into the tubes is no longer
enough to keep the process going under quasi steady-state conditions. This marked the beginning of the final
transition stage.

The final transitory stage (a particular situation for this single-bed adsorption chiller) is a phase of the
evaporation process in which the refrigerant pool is empty, and the pump sends the remaining refrigerant in
the aspiration tube to the top of the evaporator. As fewer refrigerant falls on top of the tubes, the dry patches
continue to increase, producing a decline in the performance of the evaporator, where the UA decreases until
reaching zero (see Figure 8). Compared to a real operating situation, this is a state that must be avoided
because the adsorption chiller should provide a continuous cooling effect if there are cooling loads to be met.
Even though at this point of Mp,,,; = 0 it was clear that the pump struggled to send the remaining refrigerant
to the top of the evaporator, a new hypothesis, explained in section 4.3, was formulated due to the
uncertainty surrounding the real conditions of the refrigerant vapor inside the evaporator. It was not

considered correct to assume that, at this final stage, the refrigerant vapor temperature could still be
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calculated with equation (16), and early testing of the model provided wrong saturation temperature
behaviors once the final transition stage was reached. Instead, this final stage required the use of equation
(26) and the explanations of section 4.3.

Therefore, to motivate the need for a vapor model and a new hypothesis during the phase when My,,,; = 0,
the model curves for the saturation temperature are presented until the end of the steady-state section for
Figure 7 only. The rest of the figures presented in this section already contemplate the hypothesis from

section 4.3 and the change from equation (16) to equation (26) at the final transition stage.

900
800 UA [W/K] - 15 [°C] - exp.
700 UA [W/K] - 25 [°C] - exp.
UA [W/K] - 20 [°C] - exp.
= UA [W/K] - 15 [C] - model
E 500 UA [W/K] - 25 [°C] - model
: 400 UA [W/K] - 20 [°C] - model
=)
300
200
100
0 _—
0 500 1000 1500 2000 2500
Timestep [s]
Figure 6 — Overall heat transfer conductance (UA) comparison.
0.7
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—f_wet - 20 [°C] - model
0.5
f_wet - 25 [°C] - model
0.4
o3
0.3
0.2
0.1
0

0 500 1000 1500 2000 2500
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Figure 7 — f,,,o¢ model results with developed correlation.
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The fiyer curves from Figure 7 have an initial increase due to the increase of Mg, (initial transient phase),
and then this is followed by a continuous decrease in the quasi steady-state section; when M55, = 0, the fiyer
curves have a steeper decrease, until reaching a minimum value. The results of Figures 6 and 7 confirm that
the reduction of UA is due to the continuous reduction of the film flowrate and wetted surface. This means
that the f,,.; factor is the main driver of the evaporation process and, to ensure the proper evaporator’s
performance, the amount of refrigerant in the pool has to be maintained above a certain limit (Toppi et al.
(2022)). During the final transition stage (Mpo0; = 0), the Rer numbers are below 5 and equation (31) is out
of range. Even though equation (31) may provide reasonable results by having f,, .+ following the decrease of
Mgy, there is no guarantee that the Nusselt’s film thickness correlation, based on 711,,;, is still valid at very

low Rer, and this can produce numerical inaccuracies at the end, as seen in Figure 8 for Tj, ¢p,, = 20 °C.
4.3 Final transition stage and hypothesis for vapor’s mass and temperature when My, =0

As first presented in section 4.2, the final transitory stage (Mpoo = 0 and 7., ~ 0) required the
introduction of a final hypothesis due to the uncertainty surrounding the process’ physics inside the
evaporator when the evaporator pressure begins to decrease. It can be thought that, at this point, capillary
forces hold the small remaining mass of film in the spaces between consecutive fins, but the adsorption bed
continues to extract vapor from the evaporator. This leads to a disassociation between the produced
refrigerant vapor flowrate and the one effectively crossing the valve to the adsorption bed, affecting the
readings from the pressure transducer. This final hypothesis that contemplated the rupture of the link
between My evap aNd Meypap vaive from equation (25) was inserted in the model and produced the desired
behavior from the vapor temperature, T,,. The value of T, is equal to Tyef sqr if Mgy, is higher than a
transition value (Mgjim transt); however, below this value, T, is calculated with the ideal gas equation and it
depends on equation (25), which is re-written as equation (33), imposing a constant (and negative) decrease
of the change of the mass of vapor, represented by a constant variable K,,. This variable K,, was calibrated

with the experimental data. To illustrate this, T;, is presented in Figure 10 for T;y, cpy, 0f 15 °C.

am . ) _
dtv = Meyap,fitm — Mevap,valve = — K, = —3.68 - 10 8 (33)

27



16

14

12

10

Tvapor [oc]
©

A T_ref_sat - 15 [°C] - exp.
T_vap - 15 [°C] - model
2
0 ST n Wy 0 |
0 500 1000 1500 2000 2500

Timestep [s]

Figure 8 — Vapor temperature with Tj;, cpy, of 15 °C.

From Figure 10, it can be analyzed that, for the quasi-steady-state operation of the evaporator (identified
with number 1), the vapor is under saturation conditions, meaning that its temperature is calculated with
equation (16). Also, at this stage, equation (33) is equal to zero. However, when the process enters the final
transition stage (section 2 in Figure 10) with My,,,; = 0 and 1i1,., ~ 0, there is not enough refrigerant falling
on top of the tubes to ensure a continuous process; this further increases the dry patches on the surface of the
tubes and leads to a more marked decrease of the overall UA conductance.

To explain and model the continuous decrease of the pressure and temperature, it was hypothesized, as
previously stated, that on the final transitory stage there was a rupture between the produced vapor flowrate
and the one that is effectively extracted towards the adsorption bed. At this point in section 2 (see Figure 8),
the vapor temperature does not follow equation (16) but decreases following an ideal gas model from
equation (26), which, at the same time, depends on equation (33). As the adsorption bed continuous to
extract more vapor, the pressure inside the evaporator continues to decrease on each timestep (and the
remaining fraction of film is thought to be held by capillary forces between the spaces of consecutive fins).
The analyses from Figures 7 to 10 also allow to establish that this dynamic model can then be used to
identify and predict the moment the refrigerant pool is empty. This information can also be used in future

research to adapt a control strategy where a given amount of refrigerant from the condenser can be
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discharged into the evaporator once the pool is below a certain limit, to avoid entering the final transition

phase.

5. Conclusions
A dynamic model was developed to simulate the evaporation process of a prototype falling-film evaporator
that is part of a single-bed adsorption chiller test bench. The experimental data used for its calibration came
from tests performed on the test bench under realistic operating conditions, which allowed to better represent
real evaporation dynamics in the model. Furthermore, a correlation to calculate the effective wetted area was
also developed; for this, a variable called wettability factor (f,,.;) was introduced and its values were
estimated starting from experimental data. The model results and subsequent validation allowed to obtain the
following conclusions:

- The accuracy of the wetted surface prediction through the f,,.; correlation is key for obtaining

realistic results of UA and Ty sq; (accurate evaporation dynamics). Therefore, the evolution of the

wetted surface represented by the f,,.; factor is the main driver of the evaporation process.

- The continuous decrease of wetted surface and film flowrate leads to a decrease of the UA value.
This confirms the conclusions obtained by Toppi et al. (2022) on a separate research on the same
adsorption chiller test bench.

- As Tip cnw increased, the identified f,,e; values with the model were lower. For 15 °C, the f,,¢; range
was of 0.80 — 0.20, while for 25 °C the range was of 0.60 — 0.20.

- The final transition stage required an extra hypothesis for the analysis of the vapor’s mass and
temperature. The hypothesis was focused on the rupture of the link between the effective vapor
flowrate passing to the adsorption bed and the flowrate produced by the mass of film on top of the
tubes. Furthermore, during the final stage of the process, the f,,.; correlation is out of range because
of very low Rer values. To avoid entering on these situations and to ensure the proper evaporator’s
performance, the amount of refrigerant in the pool has to be maintained above a certain limit.

- This previous final idea means that, for future research, a control strategy can be developed to

discharge water from the condenser once the refrigerant pool is below a certain limit. This changes
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the energy and mass balances of the evaporator but can serve to understand how to maintain a

continuous evaporation process for a longer time and avoid entering in the final transition stage.

Nomenclature

Apxt Total external area, m?

Atube External area of one tube, m?

Cenw Chilled water heat capacity rate, W K'!

Cp Specific heat capacity, kJ kg™ K!

D Diameter, m

f Friction factor for Gnielinski correlation, dimensionless
fwet Wettability factor, dimensionless

g Gravity, 9.8 m s

henw Chilled water heat transfer coefficient, W m? K-!

hsg Heat of evaporation, kJ kg!

htitm Refrigerant film heat transfer coefficient, W m?2 K'!
Rout,chw Chilled water outlet enthalpy, kJ kg™!

K, Constant value for the derivative of the mass of vapor, kg s°!
L Total external length, m

Liupe Length of one tube, m

Mgischarge Refrigerant mass in the pump’s suction tube, kg

M¢iim cons Constant mass of film term, kg

Mgiim transe ~ Transition mass of film, kg

Mg iim Film refrigerant mass, kg

Mpoo1 Pool refrigerant mass, kg

Mgy ction Refrigerant mass in the pump’s suction tube, kg
M, Vapor mass, kg

Menw Chilled water flowrate, m* h'!
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Meypapvawe  Evaporated flowrate that passes the valve going to the adsorption bed, kg s

Mfitm,evap Film evaporated flowrate, kg s™!

Moyt Film refrigerant falling back to the pool, kg s!

Myec Recirculated flowrate, kg s™

Nu Nusselt number, dimensionless

Pref sat Refrigerant saturation pressure, Pa

Pr Prandtl number, dimensionless

AP Pressure difference between water’s free surface and pump’s inlet, Pa
Qevap Heat transferred from chilled water to refrigerant, W
Qexp Experimental heat transfer rate, W

R Thermal resistance, K W-!

R, Specific gas constant, kJ kg' K!

Rer Film Reynolds number, dimensionless

Tyot Saturation temperature calculated at the bottom of the refrigerant’s pool, °C
Tin chw Inlet chilled water temperature, °C

Tout.chw Outlet chilled water temperature, °C

Tref sat Refrigerant saturation temperature, °C

Tyater.ads Adsorption bed circulating water temperature, °C
ATy D Logarithmic mean temperature difference, K

UA Overall heat transfer conductance, W K!

1% Volume, m?

Subscripts

chw Chilled water

ext External

film Refrigerant film

HX Heat exchanger
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int

ref,sat

wall

wet

Greek symbols

é

r

References

Internal

Liquid

Saturated refrigerant
Vapor

Cylinder wall

Wetted

Film thickness, m

Film flow density, kg s' m!

Peripheral angle, radians

Thermal conductivity, W m™! K-!

Dynamic viscosity, kg m™! s’

Film heat transfer parameter without considering a wetted surface, W K!

Density, kg m
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