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A B S T R A C T

Liquid-liquid gravity phase separation is crucial in chemical, biotechnological, metallurgical, and recycling 
processes. However, fluctuations in the feed stream conditions of the separator significantly affect the coales
cence of dispersed drops, leading to the accumulation of a dense-packed zone (DPZ) and flooding. In this study, 
we investigate the relationship between feed stream conditions, such as temperature, and flooding points in a 
pilot-scale DN200 liquid–liquid gravity separator. A temperature-controlled experimental setup enabling a 
temperature range of 20◦C to 50 ◦C was constructed with artificial-intelligence-assisted online measurements of 
separation curves, drop size distributions, and DPZ heights. Experiments were conducted with 1-octanol 
dispersed in water at dispersed phase fractions of 0.3 and 0.5. Experimental data show that temperature- 
dependent coalescence parameters, Sauter mean diameter d32, and phase fraction primarily influence flooding 
points. Further, we evaluated the prediction accuracy and consistency of two models from the literature, a 
lumped zero-dimensional model and the established Henschke model, which require solely feed stream data, 
geometry data, and physical properties. Both models underestimate experimental flooding points by a mean 
absolute percentage error and relative standard deviation MAPE ± RSD of (21.5 ± 12.2) % and (24.8 ± 14.8) % 
for the Henschke and 0D model, respectively. Considering the experimental relative standard error of 8.2 % 
accounting for 95 % confidence, the prediction accuracy and consistency of both models are reasonable. This 
study suggests batch settling experiments and endoscope measurements in the feed stream of the liquid–liquid 
separator to predict its flooding point due to fluctuations in the feed.

1. Introduction

Liquid-liquid horizontal gravity phase separators are essential unit 
operations in many industrial processes, including fermentation, metal 
extraction, and chemical manufacturing. These separators are designed 
to split an inflowing dispersion into its coherent phases under the in
fluence of gravity. The dispersion is typically characterized by key pa
rameters such as the phase fraction of the dispersed phase, drop size 
distribution, volumetric flow rate, temperature, and properties of the 
material system, such as densities, viscosities, and interfacial tension. 
Despite their widespread use, the efficiency and stability of liquid–liquid 
separators are often compromised by fluctuations in the feed stream 
properties, such as variations in salt concentration or temperature. In 
coalescence-limited phase separation systems, these fluctuations impact 
the coalescence behavior of dispersed drops, forming a dense-packed 
zone (DPZ) and, in severe cases, flooding the separator with the 

accumulated DPZ phase [1]. Flooding disrupts the separation process, 
resulting in operational shutdowns and significant economic losses. 
Consequently, accurately predicting the DPZ height where flooding 
occurs and its dynamics and preventing it are critical for ensuring stable 
operation.

The influence of temperature on coalescence and thus flooding is not 
apparent because the material system’s properties affecting coalescence 
also change with temperature. Nevertheless, Jeffreys and Davies [2] 
reported a higher coalescence rate with increasing temperature. Charles 
and Mason [3] found that increasing temperature reduces the stability of 
drops resting at a flat liquid–liquid interface. The positive effect of 
temperature on coalescence is explained by the increase in Brownian 
motion that favours film rupture between two coalescing drops. Sibirt
sev et al. [4] found a faster batch phase separation with increasing 
temperature for 1-octanol in water. Ye et al. [5] stated that the tem
perature has an insignificant influence on the coalescence parameter in 
batch phase separation for paraffin oil dispersed in water. These findings 
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suggest an ambiguous influence of temperature on coalescence in liq
uid–liquid phase separation that we want to investigate experimentally.

While purely predictive models are yet unable to capture coalescence 
phenomena [6], combining models with lab batch settling experiments 
is state of the art [7]. Anyhow, several experimental works dealt with 
continuous liquid–liquid separation and developed correlations specific 
to their setup. Ruiz and Padilla [8,9] developed a correlation for the DPZ 
height HDPZ as a function of the inlet dispersed phase flow rate Qd, the 

settling area As, as HDPZ = K
(

Qd
As

)α 
where K and α are empirical con

stants determined experimentally from continuous separator experi
ments. Thaker et al. [10] refined the model used by Padilla et al. [9] by 
incorporating additional factors such as inlet drop sizes, the density ratio 
between continuous and dispersed phases, dispersed phase fractions, 
and the inlet/outlet positions. This enhanced correlation demonstrated 
good agreement with experimental measurements and data published 
by Panda and Buwa [11]. All the mentioned works retrieved information 
about the coalescence behavior after continuous separator experiments.

Since experiments on continuous separators are costly, models 
relying on information from batch settling experiments are desired. 
Jeelani and Hartland [12,13,14], Hartland and Jeelani [15] utilized 
such preliminary batch settling experiments and examined how various 
operational parameters, including inlet flow rates, dispersed phase 
fractions, and drop sizes affect the DPZ height within a separator. The 
Henschke model [16] is currently considered the state-of-the-art 

approach to designing liquid–liquid gravity separators based on infor
mation from batch settling experiments [17]. Its advantage lies in the 
depth of modeled physical phenomena, including drop deformation and 
pressure loss in the DPZ. The model shows good agreement with 
experimental DPZ heights for various chemical systems for both 
dispersion directions of the organic phase. The organic chemical systems 
were investigated with water: n-butanol, n-butylacetate, cyclohexane, 
methyl isobutyl ketone, n-hexane, and toluene. Ye et al. [5,18,19] 
investigated the impact of volume flow rate, disperse phase fraction, 
temperature, and Sauter mean diameter on the shape of the DPZ, sep
aration efficiency, and Sauter mean diameter at the outlet of the 
continuous phase. Their evaluation of batch settling experiments shows 
that temperature does not influence the coalescence parameter for 
paraffin oil in water dispersions. While all the above-mentioned work 
investigated several aspects of continuous liquid–liquid phase separa
tion and developed sophisticated steady-state models for the DPZ height, 
information on the dynamic behavior of the DPZ height remains open.

In contrast to steady-state models, dynamic models of the DPZ height 
give information on the dynamic evolution of the DPZ height until the 
DPZ phase floods the separator. Backi and Skogestad [20], Backi et al. 
[21,22] developed a zero-dimensional (0D) dynamic three-phase sepa
rator model for controller design to regulate the DPZ height. Never
theless, their examples are based on in silico experiments, leaving the 
question of experimental applicability open. Assar et al. [23,24] 
extended the model from Backi et al. [21] by a population balance of the 

Nomenclature

Roman symbols
xj [dependent] sample mean
Lamod [-] modified Laplace number
d10 [μm] 10 percentile of number distribution
d32 [μm] Sauter mean diameter
d90 [μm] 90 percentile of number distribution
DS [m] diameter of the separator
g [m/s²] gravity constant
h [m] height of phases in separator
Hcd [Nm] Hamaker constant
l [m] length of separator
n [rpm] number of revolutions
nj [-] size of sample
Q [m³/h] total volume flow
Qaq = Qc [m³/h] volume flow of the aqueous/continuous phase
Qc [m³/h] volume flow due to coalescence
Qdis [m³/h] volume flow of the dense-packed zone
Qorg = Qd [m³/h] volume flow of the organic/dispersed phase
Qs [m³/h] volume flow due to sedimentation
r [m] radius of separator
ra [m] contour of channel between drops
rf [m] radius of contact area in drop-drop or drop-interface 

deformation
r*
v,mod [-] modified coalescence parameter

r*
v [-] coalescence parameter

RSE95 [dependent] relative standard error accounting for 95 % 
confidence interval

s [-] slip parameter
s2
j [dependent] empirical variance

T [◦C] temperature
t [s] time
V [m³] volume

Greek symbols
φp [m³/m³] average dispersed phase fraction in the dense- 

packed zone
Δρ [kg/m³] density difference
∊ [W/kg] specific energy dissipation rate
η [mPa s] viscosity
γ [mN/m] interfacial tension
ρ [kg/m³] density
τ [Nm] torque
φ [m³/m³] dispersed phase fraction

Subscripts
0 boundary condition
aq aqueous phase
c continuous phase
crit critical height at which flooding occurs
d dispersed phase
dd drop-drop
di drop-interface
dis dispersion
DPZ dense-packed zone
experiment experimental data
f flooded state
in inlet of separator
model modeled data
org organic phase
out outlet of separator
p dense-packed zone

Abbreviations
DPZ dense-packed zone
DSD drop size distribution
Henb,mod batch separation model of Henschke modified by 

deactivating drop-drop coalescence
Henb batch separation model of Henschke
Henc continuous separation model of Henschke
MAE mean absolute error
MAPE mean absolute percentage error
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dispersed drops in the turbulent inlet section and separation section. 
They were able to validate their model with steady-state experimental 
separation efficiencies. Velioglu et al. [25] modified the model from 
Backi et al. [21] by allowing only dispersed organic phase and modifying 
the coalescence rate based on Henschke [16]. Song et al. [26] proposed a 
dynamic three-phase separator model, including validation with field 
data, but their experiments did not include a DPZ, which is vital in 
coalescence-limited phase separation. Uhl et al. [27] successfully 
included a distributed plug flow model for a horizontal continuous liq
uid–liquid separator, including the DPZ, in a biological manufacturing 
case study. However, neither of the studies reported in the literature has 
investigated the prediction of the temperature-dependent coalescence 
rate and thus flooding points in a continuous liquid–liquid separator 
based on batch-settling experiments in the feed stream. To the best of 
our knowledge, this relationship has never been investigated, although 
it plays a crucial role in operating liquid–liquid separators with varying 
feed temperatures.

We conducted flooding experiments in a continuous liquid–liquid 
separator from ambient temperature up to 50 ◦C for 1-octanol in water 
to validate the 0D model described in Velioglu et al. [25]. To this end, a 
temperature-controlled pilot-scale experimental setup with a DN200 
gravity separator was constructed and is described in Section 2. The 
Henschke model [16] is also evaluated to compare the model’s accuracy 
with the 0D model. Both models are parameterized by the feed infor
mation of the separator to predict its DPZ height and thus flooding. 
Modeling approaches and the parameterization strategy of the Henschke 
and 0D model are presented in Section 3. Experimental results are 
verified and discussed in Sections 4.1 to 4.3. Experimental model vali
dation was analyzed in Section 4.4. Conclusions about potential model 
improvements and future work are given in Section 5.

2. Experimental setup

2.1. Materials

1-octanol (99 %, Häberle Labortechnik GmbH & Co. KG) and water 
(100 mmol L− 1 NaCl) were examined in the plant. Concentrations of 50 
mmol L− 1 NaCl and above did not show any influence on the phase 
separation in preliminary batch experiments [28]. Therefore, a con
centration of (100 mmol L− 1 NaCl) was chosen for the plant experi
ments. After both phases had been saturated in the plant, all the physical 
properties were determined from plant samples. The densities and vis
cosities were measured in the DMA 4100 M (Anton Paar GmbH). The 
interfacial tension was measured in the spinning drop tensiometer 
SVT20-1 (DataPhysics Instruments GmbH). In the observed temperature 
range, measured interfacial tensions lay within the measurement error 
of ±0.1 mN m− 1. All physical properties are summarized in Table 1.

2.2. Pilot-scale DN200 liquid–liquid separator setup

Experiments in the plant were conducted in a DN200 separator with 
1.8 m length. The effective length for phase separation was reduced by a 
stainless steel circular plate inserted through the end nozzle of the 
separator. The circular plate has two orifices at the top and bottom, 
allowing the passing of the continuous phases. All experiments were 
conducted in a separator with an effective length of 1.0 m. The disper
sion is generated in the continuous stirred tank (R1). The continuous 

stirred tank (R1) has a lab stirrer (SIR03) with torque measurement and 
baffles. R1 has a diameter of 115 mm and height of 187 mm. The lab 
stirrer is equipped with two Rushton turbines with an outer diameter of 
44.8 mm and a spacing of 35 mm. Temperature is controlled by flow 
heaters (W12, W22) and coil heat exchangers connected to cooling 
water. Batch settling experiments are conducted online in cell F2, which 
can be manually closed by two quick-closing pneumatic valves. The 
batch-settling cell has an inner diameter of 50 mm and height of 280 mm 
leading to a volume of 0.55 L. Smaller batch settling cells were reported 
in the literature suited for phase separation characterization [29]. The 
inlet and outlet streams of the separator are complemented by storage 
vessels, measurement devices, heaters, and pumps, as shown in Fig. 1. 
All parts are either borosilicate glass, PTFE, FFKM, or stainless steel. A 
complete list of used apparatuses and measurement devices is shown in 
the supplementary material (SM-A).

2.3. Optical drop size and dense-packed zone analysis

The drop size distribution (DSD) at the inlet of the separator 
(QIRC01) is measured in real-time by fast processing of images with the 
neural-networkbased YOLO software [30,31,32] recorded by an endo
scope. The endoscope was installed perpendicular to the flow to avoid 
sticking drops at the lens. Observed drop diameters are in between 280 
µm to 1700 µm while the potential detection range is from 100 µm to 
4000 µm. At least 2000 drops were counted for each measurement of the 
minimal d10, Sauter mean d32, and maximal diameter d90 as this amount 
was found to be sufficient to represent the DSD [33]. d10 and d90 
represent the 10 % and 90 % percentile of the DSD and thus provide 
information about the spread and skewness of the DSD. YOLOv8n 
(YOLO) was chosen because its accuracy is sufficient, and its computa
tion speed is the highest among larger models. We manually labeled over 
3000 drops for training, validation, and testing of YOLO with a 70/20/ 
10 split [34,35,36]. The error in predicting the test data of d10, d32 and 
d90 is 4.93 %, 3.36 % and 4.20 %, respectively. A processed endoscope 
image is shown in Fig. 2a.

Four external cameras optically assessed the DPZ height along the 
continuous separator F1 (QIR03-05), and one external camera assessed 
the separation curves in the batch settling cell F2 (QR02). LED panels 
were installed for illumination, and tapelines were fixed on the glass 
wall for calibration. Separate YOLOv8s models were trained for the 
batch and continuous separator. In both models, two classes were 
defined: DPZ and clear phase separation. 100 and 500 images were 
manually labeled for the batch settling cell and continuous separator, 
respectively. Images were split in the 70/20/10 for training, validation, 
and testing. The error in predicting the test data in DPZ height for the 
continuous separator and separation curves for the batch settling cell are 
below 10 %. Images were recorded every three seconds. In Fig. 2b, the 
detected DPZ in the batch settling cell with its confidence is shown. A 
processed image in F1 is shown in Fig. 2c where blue is the upper con
tour and red is the lower contour of the DPZ.

2.4. Design of experiments

The design of experiments for the mixing, batch settling, and flood
ing studies was chosen to be full factorial. The following properties were 
varied: total volume flow rates Q, dispersed phase fraction φ = Qorg/

(Qorg + Qaq), number of revolutions in R1 n and temperature T. In all 
experiments, the organic phase was dispersed. Mixing investigations 
were conducted at Q = 1m3 h− 1, φ of 0.3 and 0.5, n of 0 rpm, 600 rpm, 
1200 rpm and 1800 rpm, and T of 23◦C, 30◦C, 40 ◦C and 50 ◦C. At each 
point, the drop size distribution was measured at QIRC01 and the torque 
τ at the stirrer R1. The resulting specific energy dissipation rate ∊ [37] 
was then calculated as 

Table 1 
Physical properties of the saturated biphasic plant system.

T/◦C ρaq /kg m− 3 ρorg/kg m− 3 ηaq/mPa s ηorg/mPa s γ/mN m− 1

20 1002.7 832.5 1.0185 8.7365 8.22
30 1000.0 825.4 0.8187 6.0428 8.22
40 996.5 818.2 0.6749 4.3628 8.22
50 992.3 810.9 0.5642 3.2303 8.22
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∊ =
2πnτ

(
ρorg + (1 − φ)Δρ

)
VR1

(1) 

Batch settling experiments were carried out to determine the coa
lescence parameter r*

v. As r*
v is independent of Q, φ, initial Sauter 

diameter, and height of the batch settling cell [16], we conducted the 
batch settling experiments at Q = 1 m3 h− 1, φ = 0.5, and n = 600 rpm at 
the following temperatures: 23 ◦C, 30 ◦C, 40 ◦C and 50 ◦C.

Flooding experiments in the continuous separator (F1) were inves
tigated at φ of 0.3 and 0.5, n of 0 rpm and 1800 rpm, and T of 23 ◦C, 
30 ◦C, 40 ◦C and 50 ◦C. The inlet volume flow Q was iteratively increased 
until the aqueous film in the DPZ was entrained in the continuous 
organic phase outlet. In the experiments, both phases were cycled at 
least ten times the theoretical residence time until measurements were 
conducted to ensure homogeneity in the plant. Recorded data refer to 
steady-state conditions when the time-averaged Sauter mean diameter, 
height of DPZ, and outlet turbidity remained smaller than their mea
surement error for at least twice the theoretical residence time. All 
measurements were conducted in triplicate by reaching the operating 
conditions three times without shutting down the plant. Error bars 
indicating the 95 % confidence interval that are defined as: 

[xj − 1.96
sj
̅̅̅̅nj

√ , xj +1.96
sj
̅̅̅̅nj

√ ] (2) 

where xj, sj, and nj are the triplicate mean, empirical variance with 
Bessel’s correction, and number of experiments (nj = 3), respectively. 
The relative error accounting for 95 % confidence interval RSE95 is 
defined as: 

RSE95 =
1.96sj

xj
̅̅̅̅nj

√ (3) 

3. Model-based flooding point prediction

We define flooding points as the volume flow Q entering the sepa
rator at which a significant amount of dispersed phase leaves the 

separator. In this work, we investigated flooding due to the accumulated 
DPZ phase. The DPZ height reaches a critical height hDPZ,crit so that the 
aqueous film between droplets is entrained in the continuous organic 
phase instead of flowing through the DPZ. Therefore, flooding points are 
predicted by predicting Q so that the DPZ height reaches that critical 
height. In the following, the Henschke model for the continuous sepa
rator design (Henc) is briefly shown [16]. In contrast to Henc, the 0D 
model described in [25] captures fewer physical phenomena but is, in 
principle, capable of predicting the DPZ height and thus flooding. 
Finally, the parametrization procedure of the coalescence models used 
in Henc and 0D models is shown based on the batch-settling experiment. 
The scope of this work is to first validate both models on steady-state 
flooding data and conclude improvements for the 0D model. Future 
work deals with modeling DPZ trajectories.

3.1. Henschke model for continuous separation

In the Henschke model [16], the DPZ height hp, Sauter mean diam
eter along the DPZ height d32, and volume flow of the dispersion Qdis are 
iteratively solved along the axial position l for given process inputs and 
geometry determining their boundary conditions until Qdis at the sepa
rator end is zero. As boundary conditions, complete sedimentation and 
no coalescence are assumed after a turbulent inlet length Lin. Flooding 
points Qf are calculated by finding Q so that the maximum height of the 
DPZ reaches the critical DPZ height hp,crit. A simplified sketch of the 
Henschke model is depicted in Fig. 3 that shows the main ideas of the 
Henschke model: Ordinary differential equations for hp, Qdis, and d32 
that involve fluid dynamic phenomena such as pressure loss in the DPZ, 
wettability and coalescence phenomena in the DPZ such as drop defor
mation and asymmetric film drainage. The change of Qdis along axial 
length dl is modeled as: 

dQdis

dl
=

8φdiDsd32,di

3φp

σ5/6H1/6
cd rf,di

(6π)7/6ηcr
7/3
a

r*
v (4) 

with the Hamaker constant Hcd = 1 × 10− 20 Nm, and phase fraction at 

Fig. 1. Piping and instrumentation diagram of the experimental setup with DN 200 separator in the AVT.FVT lab. Blue, orange, and green colors mark the aqueous, 
organic, and dispersion phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the interface φdi = 1. d32,di is the Sauter mean diameter at the interface, 
rf,di the radius of contact area in drop-interface deformation, ra the 
contour of channel between drops, and rv* the dimensionless coales
cence fitting parameter. The parameterization of the coalescence model 
by the coalescence parameter rv* is discussed in Section 3.3. The com
plete model and boundary conditions are shown in the supplementary 
material (SM-B). The numerical parameters, such as the number of 
discretizations and termination criteria, can be found in Henschke [16].

3.2. Zero-dimensional model for continuous separation

The 0D model balances the volume of the aqueous phase, DPZ, and 
organic phase as shown in Fig. 4. By transforming the volumes to heights 
for the cylindrical separator with radius r and length L, the following 
ordinary differential equations are obtained: 

dhorg

dt
=

Qin − Qaq,out − Qorg,out

2L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

horg
(
2r − horg

)√ (5a) 

dhDPZ

dt
=

Qin − Qaq,out − Qc

2L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
hDPZ(2r − hDPZ)

√ (5b) 

dhaq

dt
=

Qin − Qaq,out − Qs
1

φp
+ Qc

1− φp
φp

2L
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

haq
(
2r − haq

)√ (5c) 

with horg, hDPZ, and haq as the heights of the organic, the DPZ, and the 
aqueous phase, respectively. The constitutive equations for the sedi
mentation rate Qs accounts for swarm sedimentation of droplet classes 
[38] that was also applied to liquid–liquid extraction columns [32,39] 
and has the form of Stokes’ law [40] for hold-ups approaching zero. 
Experimental outlet phase fractions of the liquid–liquid separator were 
confirmed by Stokes’ law [5]. The coalescence rate Qc is modeled in the 
same way as in the Henschke model, including drop deformation and 
asymmetric film drainage [16]. Compared to the Henschke model, the 
turbulent inlet length is indirectly modeled by swarm sedimentation. In 
addition, no drop-drop coalescence is considered, implying a constant 
Sauter mean diameter. Further, plug flow and an instantaneous forma
tion of the flow profile without turbulence is assumed. A detailed 
description of the constitutive equations is found in Velioglu et al. [25]. 
The parameterization of this modified coalescence model by the modi
fied coalescence parameter rv,mod* is discussed in Section 3.3.

Flooding points are determined by assuming a constant and filled 
separator (dhorg

dt = 0, horg = hDPZ,crit) and a constant height of the aqueous 

Fig. 2. Processed endoscope image at QIRC01 (a), processed snapshot of batch separation at QR02 (b), and camera image at QIR04 (c) to measure the drop size 
distribution and height of the dense-packed zone. Images are taken at temperature T = 40 ◦C. YOLOv8n is used to detect the drops. Separation curves are detected by 
YOLOv8s and manually corrected by the attached scale outside the glass. The dense-packed zone in the separator is processed with YOLOv8s.
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phase at the known interfacial position (dhaq
dt = 0, haq = r). The sedi

mentation rate Qs is a function of the inlet volume flow as it defines the 
residence time for drops to sediment. Subsequently, the outlet volume 
flow of the aqueous phase is entirely defined by known input variables 
as 

Qaq,out,f = Qf − Qs,f
1
φp

+Qc,f
1 − φp

φp
(6) 

Inserting Eq. (6) into Eq. (5b) with dhDPZ
dt = 0, we receive the following 

equation to determine the flooding point Qf at a given constant critical 
DPZ height hDPZ,crit. 

0 = Qs,f − Qc,f (7) 

3.3. Coalescence parametrization based on batch-settling experiment

Batch-settling experiments with the same material system as in the 
continuous separator are used to parameterize the coalescence models 
for the continuous liquid–liquid separator and batch separation. The 
batch settling experiment is usually conducted in a stirred glass vessel 
with external cameras to record the separation process. Fig. 5 shows a 

snapshot of the batch-settling experiment and the experimentally 
recorded sedimentation and coalescence curve. These curves are the 
basis for parameterizing the coalescence models of the investigated 
material system.

The batch separation model of Henschke [16,17] consists of free 
swarm sedimentation, drop-drop and drop-interface coalescence, and 
drop deformation in the DPZ. Notably, Henschke’s batch (Henb) and 
continuous separation models (Henc) share only the same coalescence 
model, yet are two separate models. The experimental sedimentation 
curve and the swarm sedimentation model of Pilhofer and Mewes [41] 
with single drop sedimentation of Ishii and Zuber [42] are used to es
timate the initial Sauter mean diameter by assuming no coalescence 
during sedimentation. With an estimated initial Sauter mean diameter, 
the formation of the DPZ by swarm sedimentation is described. Inside 
the DPZ, drop-drop coalescence induced by drop deformation and hy
drostatic pressure results in a growing Sauter mean diameter along the 
height. Drop-interface coalescence depletes the DPZ, resulting in an 
experimentally trackable coalescence curve. rv* in the drop-drop and 
drop-interface coalescence rate is estimated to fit the experimental 
coalescence curve and separation time tE. The determined rv*, including 
the drop deformation and coalescence model, is transferred to the 
continuous separator model to describe the coalescence-limited deple
tion of the DPZ.

The determination of rv,mod* for the 0D model differs from the 
approach in the batch Henschke model (Henb) [16] since no drop-drop 
coalescence is assumed. Therefore, we modified the fitting procedure 
with the batch separation model by neglecting drop-drop coalescence in 
the DPZ (referred to in this work as Henb,mod). rv,mod* lumps the coa
lescence effects of drop-drop and drop-interface into solely drop- 
interface coalescence. Consequently, rv,mod* must be greater than the 
conventional coalescence parameter rv*.

4. Results and discussion

This section shows the impact of temperature on the flooding point in 
the liquid–liquid separator. Firstly, the mixing behavior of 1-octanol in 
water is investigated. Subsequently, the influence of temperature on the 
coalescence parameter rv* and the modified coalescence parameter rv, 

mod* determined online by the batch-settling cell is discussed. Both 
experimental information are combined to describe the observed 
flooding points Qf. Finally, the 0D and Henschke models are evaluated to 
predict the experimental flooding point Qf,experiment.

4.1. Analysis of mixing in the stirred tank

Evaluating the predictive models for the continuous separator re
quires information about the drop size distribution (DSD) of the 
inflowing dispersion. Since the mixing behavior of 1-octanol in water 

ℎp,0 S

in

32,0

ℎpdis

32,di

32

dis

org ,out

aq ,out

Fig. 3. Simplified sketch of the separator model by Henschke with turbulent 
inlet length Lin forming the boundary conditions for the DPZ height hp,0. The 
separator has the diameter DS with inlet volume flow Q, outlet volume flow of 
the organic Qorg,out and aqueous phase Qorg,aq, and entering Sauter mean 
diameter of the dispersion d32,0. At axial position l, drop-drop coalescence oc
curs along the height, giving the Sauter mean diameter in the DPZ d32,dd and at 
the interface d32,di. Interfacial coalescence causes the coalesced volume flow 
dQdis(l). The available time for coalescence is determined by the ingoing vol
ume flow of the dispersion Qdis(l) and height of the DPZ hp(l). The detailed 
sketch and solution algorithm are in [16].

Fig. 4. Separator with the organic phase (top), dense-packed zone (center), 
aqueous phase (bottom), and flows. The volume flow Qin enters the aqueous 
phase with phase fraction φin and Sauter mean diameter d32. In the aqueous 
phase, the volume flow by sedimenting drops Qs and entrained aqueous phase 
Qw flows to the DPZ. The coalescence rate Qc deplets the DPZ that is assumed 
with a constant phase fraction φp = 0.9. The separator has two outgoing volume 
flows for each continuous phase, namely Qorg,out and Qaq,out.

ℎp

ℎd

ℎc

E

Fig. 5. Batch-settling experiment (left-hand side) and corresponding settling 
curve (right hand side) adapted from Henschke [17]. hd, hp and hc are the 
heights of the dispersed phase, dense-packed zone, and continuous phase, 
respectively. The phase separation ends at tE.
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was reported in the literature to follow a counterintuitive trend [16], we 
characterized its mixing behavior in our experimental setup by endo
scope measurements at QIRC01 (see Fig. 1).

Experimental investigations of 1-octanol in water revealed that the 
Sauter mean diameter d32 in stirred systems is strongly influenced by 
phase fraction φ, energy dissipation rate ∊, and temperature T, as shown 
in Fig. 6. Higher φ leads to a larger d32 that can be attributed to the 
increased collision frequency of drops at higher φ promoting coales
cence. The dominance of coalescence over breakage under these con
ditions results in larger drops and a higher overall d32. The observed 
influence of φ on d32 aligns with experimental studies in the literature 
[5,43,44]. The relationship between ∊ and d32 exhibited a temperature- 
dependent behavior. At ambient T and 30◦C, increasing ∊ resulted in a 
larger d32. This counterintuitive trend suggests that the coalescence rate 
increases more rapidly than the breakage rate as ∊ rises. Our observation 
is consistent with findings reported in the literature for this material 
system [16]. Conversely, at 40◦C and 50◦C, d32 stagnated once the 
number of revolutions n exceeds 600 rpm, indicating that coalescence 
and breakage rate increases in the same order with ∊. Beyond this point, 
additional ∊ did not alter d32 significantly. Further information about 
the d10 and d90 is shown in the supplementary material (SM-C). In 
summary, we observed that d32 predominantly depends on φ followed 
by T and, to a minor extent, on ∊.

4.2. Evaluation of phase separation in the online batch-settling cell

The flooding point depends on the coalescence rate, again a function 
of rv* or rv,mod* depending on which model should be parameterized. 
The rv* is fitted to separation curves retrieved from batch-settling ex
periments. The sedimentation and coalescence curves are depicted in 
Fig. 7. Since the lighter organic phase is dispersed, the sedimentation 

curves correspond to the bottom and the coalescence curves to the upper 
curves. The sedimentation curves show a roughly linear trend in the free 
sedimentation period, with higher T leading to decreasing slopes, indi
cating a slower sedimentation rate. The coalescence curves exhibit a 
characteristic S-shape, reflecting the dynamic nature of drop-drop and 
drop-interface interactions. Notably, the time required for phase sepa
ration increases with T until 40 ◦C after which the separation time 
stagnates. The Henschke batch separation model (Henb) were applied 
[16] to decouple the effects of changing physical properties, such as the 
continuous phase viscosity and the initial d32, on coalescence rates. 
Applying the Henb model requires determining the initial d32. To fit rv* 
and rv,mod*, the estimation of the initial d32 by the conventional sedi
mentation and endoscope method is compared in the following.

The comparison of the two estimation methods for determining the 
initial d32 and, thus, the rv* reveals notable differences under varying T 
conditions, as shown in Fig. 8. Fig. 8a illustrates the estimated and 
measured d32 as a function of T. The sedimentation method consistently 
estimated higher values than the endoscopic measurement, with the 
deviation becoming more pronounced at lower T, particularly at 23 ◦C, 
where higher turbidity complicates the identification of the sedimen
tation curve. This behavior is attributed to the turbid nature of the 
system at this T, which complicates accurate sedimentation curve 
detection as shown in the supplementary material (SM-D). A general 
source of error is drop-drop coalescence induced by the quick-closing 
valves abruptly stopping the dispersion flow. Consequently, the esti
mated d32 by the sedimentation curve must be larger than the measured 
values from the endoscope. A further source of deviation results from the 
measurement position: a transition from DN50 to DN40 piping half a 
meter downstream of the batch-settling cell may introduce discrep
ancies. For higher T, the error in the estimated values relative to the 
measured ones aligns with literature-reported values [16], within a 
range of 25 %.

The influence of d32 on rv* and rv,mod* is shown in Fig. 8b. As ex
pected, the values determined from the modified coalescence model are 
higher than those from the Henschke model because a higher drop- 
interface coalescence fits the lack of drop-drop coalescence. At 40 ◦C 
and 50 ◦C, no significant difference between the estimation methods can 
be concluded based on the error bars, while at 30 ◦C, a slight deviation is 
observed. Since systems at the elevated T exhibited clear phase sepa
ration, the results confirm that endoscopic measurements can reliably 
estimate the initial d32 for fitting rv* and rv,mod* with a relative standard 
error accounting for 95 % confidence RSE95 of less than 8 % and 6 %, 
respectively. The resulting fit to batch separation data is shown in Fig. 7. 
The choice between relying on the blurred sedimentation curve or the 
endoscopic measurement remains critical for turbid systems. rv* and rv, 

mod* estimated by the endoscopic method exhibit a significant RSE95 of 
82 % and 17 %, as shown in SM-D, resulting in an unreliable estimation. 
Using the sedimentation method, the parameterized batch Henschke 
model (Henb) and its modification (Henb,mod) neglecting drop-drop 
coalescence both agree with the experimental batch separation data, 
as shown in Fig. 7. In summary, the sedimentation method was used to 
determine rv* and rv,mod* because the resulting fit to batch separation 
data is satisfactory.

Notably, material systems with a similar rv* value at ambient T were 
found for n-butanol and cyclohexanone in water with 0.0832 and 
0.0798, respectively [16]. In contrast, Ye et al. [5] found no significant T 
influence on the rv* for paraffin oil in water for T between 20 ◦C to 80 ◦C. 
Yet, they found a decreasing rv* for water in paraffin oil. The differing 
trends observed here may be explained by factors such as impurities in 
both experimental setups. Impurities could attach to the interface of 
both phases to different degrees of coverage depending on the T so that 
the asymmetric film drainage is hindered. Nevertheless, the rv* or rv, 

mod* effectively encapsulates all such influences, enabling the modeling 
of the flooding point of the same material system in the continuous 
separator. The prediction accuracy of flooding points in the continuous 
separator by the Henschke and 0D dynamic model parameterized by rv* 

d
µ

ε

ϕ ϕ
ϕ ϕ
ϕ ϕ
ϕ ϕ

Fig. 6. Sauter mean diameter d32 as a function of energy dissipation rate ∊, 
temperature T, and phase fraction φ. Experiments are conducted at volume flow 
rate Q = 1 m3 h− 1. Error bars show the accuracy of the endoscope measurement 
and evaluation with YOLO.
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and rv,mod*, respectively, is discussed in Section 4.4.

4.3. Characterization of experimental flooding points

The flooding point Qf is found at the incoming volume flow resulting 
in an accumulation of the DPZ so that the aqueous film between drops in 
the DPZ are entrained and flushed out to the organic outlet. Throughout 
all flooding experiments, flooding was observed at a DPZ height of 30 
mm. Physical properties and operating conditions influence fluid dy
namics and thus flooding. Here, we investigate how physical properties 
in terms of changing temperature and operating conditions affect Qf. As 
shown in Section 4.2, the coalescence was influenced by the operating 

temperature T.
The influence of T on Qf at all φ and stirring speed is shown in Fig. 9a. 

At higher T, Qf decreases, aligning with the reduction in the rv* discussed 
in Section 4.2. For instance, Qf at 50 ◦C and 40 ◦C are comparable, as the 
d32 and rv* do not vary significantly between these T. A slightly larger Qf 
is observed at 30 ◦C, corresponding to a higher rv*. Qf is consistently 
higher at ambient T, where the aqueous phase was turbid and the rv* 
reaches its maximum. The rv* from batch-settling experiments without 
knowing d32 can qualitatively explain the trend of T-dependent Qf that 
can also be seen by the proportional relationship between coalescence 
rate and rv* in Eq. (4).

The influence of operating conditions on Qf was analyzed under 

Fig. 7. Batch-settling curve from settling cell F2 at the corresponding temperatures and at Q = 1 m3 h− 1, φ = 0.5, and n = 600rpm. The Henschke batch model (Henb) 
[17] and the modified version (Henb,mod) Section 3.2 were fitted here. Both models were fitted with the sedimentation approach.

Fig. 8. Comparison of initial Sauter mean diameter determination with endoscope against conventional estimation method based on the sedimentation curve and 
Henschke model [17]. The influence on the coalescence parameter and modified coalescence parameter rv,mod* is compared. Error bars show the maximum of the 95 
% confidence interval and measurement accuracy. The coalescence parameter determined by the endoscope method at ambient temperature is omitted and shown in 
SM-D. Experiments were conducted at Q = 1m3h− 1, φ = 0.5, and n = 600 rpm.
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varying stirring speeds and φ. An important fluid dynamic information 
of the system is the inflowing d32 since a larger d32 enhances the phase 
separation and thus increases Qf. Therefore, in addition to Qf, the cor
responding measured d32 are shown in Fig. 9b. The influence of d32 on Qf 
can be seen by comparing the two stirring speeds for each T and φ. A 
larger Qf for larger d32 is observed for all operating points. This obser
vation is expected, since sedimentation and coalescence rates are faster 
for increasing d32 that can be seen by Eq. (4). Operating conditions with 
similar d32 and different φ were observed for the following data points: i) 

at T = 23◦C: φ = 0.3, 1800 rpm and φ = 0.5, 0 rpm, ii) at T = 40◦C: φ =
0.3, 0 rpm and φ = 0.5, 1800 rpm and iii) at T = 50◦C: φ = 0.3, 0 rpm and 
φ = 0.5, 1800 rpm. The ones with higher φ showed a smaller Qf in all 
three data points, which is explained by the larger inlet stream of the 
dispersed phase. Overall, the experimental Qf are explainable with φ, 
rv*, and d32.

Fig. 9. Flooding points at two phase fractions and stirring speeds. The measured Sauter mean diameter (d32) at QIRC01 is shown at their respective flooding point. 
Flooding is specified by the overflow of dense-packed zone at an effective separator length of 1 m.

Fig. 10. Parity plot of modeled flooding points Qf with the Henschke continuous model (Henc) and 0D model. Measured d32 is compared to an increased d32 of 20%. 
Error bars show the influence of the determined coalescence parameter and experimental triplicates with 95 % confidence interval.
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4.4. Comparative validation of flooding-point prediction models

The comparative analysis of the 0D and Henschke model reveals 
distinct patterns in predicting Qf with process information of the feed 
stream of the separator, as shown in Fig. 10a. Both models underesti
mate the experimental Qf,experiment. For the 0D model, the prediction 
accuracy and consistency of Qf as mean absolute percentage error 
(MAPE) and the relative standard deviation of errors (RSD) are classified 
by φ. φ = 0.3 and φ = 0.5 were underestimated by (12.0 ± 7.7)%, and 
(37.5 ± 5.7)%, respectively. The continuous separation model of 
Henschke (Henc) demonstrated a MAPE ± RSD of (14.8 ± 7.9)% for φ =
0.3, and (28.3 ± 12.4)% for φ = 0.5. Both models showed a poor pre
diction accuracy for ambient T and φ = 0.5 that might be attributed to 
the turbid system. The prediction accuracy is compared to the ratio of 
the 95 % confidence interval to its mean of 8.2 % for φ = 0.3 highly 
accurate, for φ = 0.5 reasonable, and in total acceptable. The mean 
absolute error (MAE) and corrected sample standard deviation of the 
prediction error s of Qf are shown in Table 2. Both models have a similar 
MAE and s, meaning both models have similar prediction accuracy and 
consistency. In summary, the Henc showed a slightly better prediction 
accuracy and similar consistency of Qf than the 0D model (MAPE ± RSD 
of (21.5 ± 12.2)% against (24.8 ± 14.8)%, MAE ± s of (0.36 ± 0.29)m3 

h− 1 against (0.39 ± 0.27)m3 h− 1).
The general underestimation of both models might be attributed to 

largerthan-measured d32 due to feed stream geometry effects, such as the 
influence of the one-quarter DN50 pipe between the d32 measurement 
and the separator inlet. Additionally, the rv* fitted in batch experiments 
may lack transferability to continuous systems at flooding conditions 
because Henc aims to model wedge-shaped dense-packed zones (DPZs), 
whereas the present system exhibits band-shaped DPZs.

The actual d32 at the inlet of the separator is assumed to be larger 
than the measured values due to the residence time and coalescence in 
the onequarter DN50 pipe. To account for this effect, models were 
simulated with an increased d32 by 20 % to estimate drop-drop coales
cence in the inlet, as shown in Fig. 10b. Qf determined by Henc do not 
show considerable sensitivity to the inlet d32, while the MAPE and RSD 
of the Qf prediction of the 0D model is reduced to (18.1 ± 13.5)% 
indicating a slight increase in consistency and accuracy. If the one- 
quarter DN50 pipe exhibits such a coalescence effect on the disper
sion, the 0D model will have better accuracy in predicting Qf.

Nevertheless, using the 0D model with determined rv,mod in the feed 
stream to predict Qf in a continuous liquid–liquid separator requires 
measurements of the d32 at the inlet within 20 % accuracy.

Overall, the comparison highlights the need to refine the measure
ment position of the endoscope and refine the 0D model to achieve 
better prediction accuracy and consistency at high φ. Since both models 
are similar in accuracy and consistency, the direction of model refine
ment cannot be directly drawn and is thus a future work. Both models 
leverage process inputs, including volume flows, d32, and batch-derived 
coalescence parameters, to predict Qf under varying feed conditions. 
Both predictions underestimate Qf, which means a conservative esti
mation for operating a continuous liquidliquid separator. Transferring 
the method to predict Qf to industrial applications requires sample 
points in the feed stream of the separator to conduct the batch separation 
experiment and a d32 measurement at the separator inlet.

5. Conclusion and outlook

In this work, we constructed a novel experimental setup with 
extensive online measurements to investigate the liquid–liquid phase 
separation in a pilot-scale horizontal gravity separator. The artificial- 
intelligence-assisted online measurement of the coalescence parameter 
and Sauter mean diameter d32 allowed the experimental investigation of 
flooding in the separator with the dense-packed zone (DPZ). 1-Octanol 
dispersed in aqueous 100 mM NaCl solution was investigated. The 
temperature-dependent flooding points of the separator were 

experimentally assessed for two phase fractions and stirring speeds with 
a relative standard error of 8.2 %. By conducting and analyzing online 
batch-settling experiments, a temperature-dependent coalescence 
parameter was found to describe the trends in mixing and separation at 
their respective temperatures. In addition, the experimental flooding 
points were predicted with the Henschke model [16] and a compara
tively simplified 0D model [25]. Both models underestimate the 
experimental flooding points by a mean absolute percentage error and 
relative standard deviation MAPE ± RSD of (21.5 ± 12.2)% against 
(24.8 ± 14.8)% for the Henschke and 0D model, respectively. To ac
count for a potentially larger d32 at the separator inlet due to piping, a 
20 % increased d32 results in a MAPE ± RSD of (18.1 ± 13.5)% for the 
0D model while the values for the Henschke model remains the same. 
Considering the relative standard error of the experimental data, the 
prediction accuracy and consistency of both models are reasonable. 
Future work will extend and validate the 0D model to predict the dy
namics of the DPZ in the continuous liquid–liquid separator.
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Table 2 
Comparison of the mean absolute error MAE and corrected sample standard 
deviation s across different models and phase fraction φ for flooding points.

Model φ = 0.3 φ = 0.5 Total φ

MAE/ 
m3/h

s/ 
m3/h

MAE/ 
m3/h

s/ 
m3/h

MAE/ 
m3/h

s/ 
m3/h

0D model 0.19 0.12 0.59 0.23 0.39 0.27
Henschke 0.25 0.17 0.48 0.35 0.36 0.29
0D model (120 

% d32)
0.10 0.09 0.47 0.20 0.29 0.24

Henschke (120 
% d32)

0.25 0.16 0.47 0.34 0.36 0.28
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[4] S. Sibirtsev, C.B. Göbel, A. Jupke, Automation of a procedure for the experimental 
investigation of liquid–liquid phase separation, ISSN 0009-286X, Chem. Ing. Tech. 
91 (12) (2019) 1787–1793, https://doi.org/10.1002/cite.201900162.

[5] S. Ye, L. Hohl, E. Charlafti, Z. Jin, M. Kraume, Effect of temperature on mixing and 
separation of stirred liquid/liquid dispersions over a wide range of dispersed phase 
fractions, ISSN 00092509, Chem. Eng. Sci. 274 (2023), https://doi.org/10.1016/j. 
ces.2023.118676.
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