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Abstract. In the course of a more fluctuating power supply due to renewable energy sources, the need for tray columns 

with flexible operability increases. Accordingly, further research is required to better predict the behavior at load limits 

– especially for fixed and float valve trays. Within this work, the hydraulic behavior of numerous valve tray 

configurations is investigated employing a 1.2 m diameter gas/liquid (air/water) column test rig. Its performance has 

been validated on the base of sieve trays, which have already been extensively studied in the literature. In order to 

obtain significant results, the weeping and entrainment limits in particular, as well as froth height and pressure drop, 

are measured quantitatively in the experiments. By varying the geometry parameters, numerous different cases can be 

investigated. Based on all the data obtained, reliable statements can be made about the validity and applicability of 

calculation models known from the literature. 

All rights reserved by the authors as per DA2022 copyright notice. 

Keywords hydraulics, high performance trays, valve trays, operating limits, distillation, test rig 

1. Introduction 
One of the biggest issues of our time is the quest for a more sustainable energy supply, which is pursued through an 

energy transition towards more renewable energy sources. This leads to a strongly fluctuating power availability in the 

electricity supply of big companies, to which the plant operators must react with a flexible operation of their plants. 

As a consequence, a precise knowledge of the operating behavior at their load limits is required. In thermal separation 

technology, the behavior of the widely used tray columns must be considered in this context. Starting from the classical 

sieve trays, today also fixed and float valve trays are mainly used in industrial applications. This is why they are 

constantly being further developed and optimized, so that nowadays new forms of high performance valve trays are 

being pushed frequently. Although valve trays are generally considered as well researched, the details of their operating 

limits are not generally available – especially of those with push valves.  

For this reason, the IGF research project “Tools and methods for improved hydraulic design of cross-flow trays with 

high performance valves” is concerned with the detailed investigation of the hydraulic behavior of valve trays. As part 

of this project, a gas/liquid column test rig (air/water) with a diameter of 1.2 m was set up at the Institute of Plant and 

Process Technology at the Technical University of Munich. To validate the performance of the test rig, measurements 

were carried out with well-studied sieve trays and evaluated with model approaches from the literature. After that, the 

test rig is used to investigate numerous valve tray configurations, selected with regard to all relevant valve types used 

in the industry. This work presents initial findings based on the investigation of sieve, float and fixed valve trays. 

2. Theoretical basics 
For a complete hydraulic column design, numerous parameters are required [1]. At first, there is the pressure drop, 

which is subject to numerous studies published in the literature. Especially with regard to sieve trays, many authors 

have developed models on dry and total pressure drop [2,3]. For float valve trays, there are also some specific 

publications dealing with pressure drop correlations [4,5]. Furthermore, some suppliers of float valve trays have 

published design manuals, which provide valuable models for the calculation of these trays [6-8]. As fixed valves are 

a relatively new type of tray element, the availability of models is considerably lower for this type. It is therefore 

necessary to adapt existing models of sieve and float valve trays in order to apply them to fixed valve trays. 

Another meaningful value of hydraulic column design is the froth height on the tray. It can be used as a criterion for 

the quality of mass transfer, as the froth height can be related to the available mass transfer area. In the literature, there 

are numerous models that can be used for the calculation of the froth height on sieve trays. A distinction can be made 

between models that refer directly to the value of the froth height [2,3,9], or combinations that can be made with 

models of the clear liquid height on the tray [10] with an aeration factor model of another author. For float and fixed 
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valve trays, adaptions to the correlations of sieve trays have to be made as there is still little research available. The 

adaptations carried out in this work are based on an equivalent hydraulic diameter for a corresponding sieve tray 

configuration. This equivalent diameter is derived for the curtain area of the valve, given an equivalent relative free 

area and number of openings, resulting in an equivalent area of the corresponding openings. 

For the investigation of weeping in tray columns, only few reliable correlations are published in the literature [11,12]. 

Especially for valve trays, there is still need for research on the weeping behavior, which is why also in this case sieve 

tray models have to be adapted on valve trays. An additional source for further models is the column design software 

TrayHeart® [13], which provides an unpublished weeping model especially for fixed valves. 

In the case of entrainment studies, there are several publications that deal with the entrainment of sieve trays [2,14] or 

even bubble cap trays [15]. There are also models that were developed for the application on several tray types [16]. 

Nevertheless, for a comprehensive investigation of fixed valves again models of other tray types have to be adapted 

due to a sparse study availability. 

3. Test rig for hydraulic investigations 
The basic design of the column test rig consists of several transparent shell sections between which the column trays 

are flanged. For the trays, a modular concept with a separation of the active area and the tray base plate has been 

realized, so that the change between different valve configurations can be carried out easily. To capture the 

entrainment, a catch sieve tray equipped with a wire mesh demister is installed above the upper tray to collect the liquid 

carried upwards. Below the lower tray, a chimney tray is installed for the collection of spatially resolved weeping by 

the installation of separator plates. Furthermore, this tray serves to ensure a proper gas distribution on the lower tray. 

To prevent the influence of mass transfer in the column, the air is saturated before entering the column. As the aim of 

the test rig is the investigation of a wide range of different tray configurations, the construction is designed to be very 

flexible, so that not only the valve configuration, but also weir and clearance height can be changed easily. For the 

variation of the different valve parameters, numerous valve trays with different geometric parameters (valve density, 

valve shape, lift height, relative free area) have been chosen in cooperation with industry partners.  

In order to define a suitable basic geometry for downcomer and active area, a detailed hydraulic investigation was 

made in which all hydraulic limits were considered. For this purpose, numerous design scenarios were created for a 

column diameter of 𝐷 = 1200 mm and a tray spacing of 𝐻 = 500 mm. On this basis, the geometric parameters listed 

in Table 1 were chosen. The limits of the operational data also given in Table 1 are due to the capacity of the existing 

fan and pump. 

Table 1.  

Geometric and operational data of the test rig configuration: Column diameter 𝐷, tray spacing 𝐻, number of trays 𝑁𝑡𝑟𝑎𝑦𝑠, active 

area 𝐴𝑎𝑐 , weir length 𝑙𝑤, minimum and maximum F-factor (referring to active area) 𝐹𝑎𝑐,𝑚𝑖𝑛 and 𝐹𝑎𝑐,𝑚𝑎𝑥, minimum and maximum 

liquid load 𝑉̇𝐿,𝑚𝑖𝑛 and 𝑉̇𝐿,𝑚𝑎𝑥. 

𝐷 𝐻 𝑁𝑡𝑟𝑎𝑦𝑠 𝐴𝑎𝑐  𝑙𝑤 𝐹𝑎𝑐,𝑚𝑖𝑛 𝐹𝑎𝑐,𝑚𝑎𝑥 𝑉̇𝐿,𝑚𝑖𝑛 𝑉̇𝐿,𝑚𝑎𝑥 

1.2 m 0.5 m 2 0.856 m2 0.907 m 0.8 √Pa 2.6 √Pa 5 
m3

h
 40 

m3

h
 

 

To ensure reliable and automated recording of the measured values, extensive measurement equipment is implemented 

in the test rig and the measured values are handled in a process control system. In addition to the recording of the 

volume flows of liquid and gas, numerous process parameters like air humidity, temperature and pressure drop are 

measured at several points of the test rig. For the evaluation of the collected data, all values are averaged over a time 

interval of ∆𝑡 = 20 s. 

A special feature of the test rig is the automatic measurement of the froth height with the measuring light curtain 

Rapidoscan® [17]. It consists of a transmitter and receiver unit facing each other on the outside of the column, ensuring 

non-invasive measurement. With a resolution of ∆𝑠 = 2.5 mm and a measuring cycle time of ∆𝑡 = 0.96 ms, the 

detector identifies the first beam that is not interrupted by the froth and therefore provides a reliable measurement 

method for the froth height on the tray. In Fig. 1, a tray of the test rig with the Rapidoscan® is shown before and during 

operation. 



 The 12th international conference Distillation & Absorption 2022  
 Toulouse – France          18-21 September 2022 

 

 

3 

 

   

Fig. 1 Test rig with R-FV fixed valves before and during operation. 

Within the scope of this work, three different tray configurations have been investigated at a weir height of ℎ𝑤 =
50 mm and a clearance height of ℎ𝑐𝑙 = 40 mm. The geometrical data of the valve configurations is given in Table 2. 

Table 2.  

Geometrical data of the investigated tray configurations: relative free area 𝜑, hole diameter 𝑑ℎ, valve lift height ℎlift, number 𝑁ℎ 

of elements. 

Tray type 𝜑 𝑑ℎ ℎlift 𝑁ℎ 

Sieve 10 % 10 mm - 1093 

Float valve V1-1.5 (Raschig) 12 % 39 mm 8.1 mm 124 

Fixed valve R-FV (Raschig) 10 % - 7.0 mm 189 

4. Results 
In the course of a validation phase including numerous series of measurements, it could be confirmed that the system 

delivers reliable and repeatable measurement values. Based on the obtained results, comparisons with models 

published in the literature are carried out with regard to various parameters in the following. The presented models 

were selected considering the most common models used in industry. If not specifically mentioned in the following, 

the test rig geometry is in the valid range of the geometric ranges specified in the literature models. Furthermore, all 

models are intended for use with air/water systems and most of them have also been developed considering respective 

data.  

 

4.1 Pressure drop 

After studies on the pressure drop of sieve trays, which fitted to the established models very well, the pressure drop of 

float valve trays was investigated. The measured values and correlations are depicted in Fig. 2. As can be seen in the 

diagram of the dry pressure drop ∆𝑝𝑑  (Fig. 2, left), the models differ significantly from each other. The open and closed 

balance point, that represents the point at which all valves are open respectively closed, is not included in the models 

of Norton [7] and Nutter [8], which leads to major deviations at gas loads beneath the open balance point. As the Nutter 

model is designed for the rectangular BDH valves, an adaptation to the V1 valves was made based on the equivalent 

hole diameter explained in section 2. The best fitting curve for the measured data provides the model of Glitsch [6] 

with an average absolute deviation of 10 % and a maximum deviation of 13 %. Considering the total pressure drop 

∆𝑝𝑡𝑜𝑡 of the tray (Fig. 2, right), the chosen models show less deviations. The best fitting model in this case is the model 

of Norton [7] with an average absolute deviation of 3 %. For further comparison, a calculation was also carried out 

with different supplier software. As can be seen, the results do not provide a consistent image either. 
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Fig. 2 Pressure drop correlations [4-8] of a V1 float valve tray (ℎlift = 8.1 mm, 𝜑 = 12 %) vs. gas load 𝐹𝑎𝑐:  

dry pressure drop Δ𝑝𝑑 (left) and total pressure drop Δ𝑝𝑡𝑜𝑡 at a liquid load 𝑉̇𝐿 = 16 
m3

h
 . 

4.2 Froth height 

For the froth height, the correlations and measurements of the sieve and the fixed valve trays are depicted in Fig. 3. As 

explained in section 2, also combinations of clear liquid height and aeration factor can be used as correlations for the 

froth height, e.g. the clear liquid height model of Hofhuis [10] with an aeration factor model of Stichlmair [2]. 

Regarding the model of Hofhuis, it should be noted that it was set up for a relative free area of only up to 7 %.  

It is clearly visible, that none of the depicted models fits the measured data well. As a validating measurement was 

carried out via optical control, an incorrectness in the Rapidoscan® measurement technology can be ruled out. For 

sieve trays (Fig. 3, left), the closest fitting model is that of Stichlmair [2], although large deviations can be observed at 

higher gas loads. The deviation between this model and the measured data ranges from 4 to 33 %. In the fixed valve 

case (Fig. 3, right), also the adapted model of Stichlmair is the closest one. This demonstrates that there is still a lot of 

research needed in this field. 

    

Fig. 3 Froth height correlations [2,3,9,10] vs. gas load 𝐹𝑎𝑐 at a liquid load 𝑉̇𝐿 = 16 
m3

h
:  

sieve tray (𝑑ℎ = 10 mm, 𝜑 = 10 %) (left) and R-FV fixed valve (ℎlift = 7 mm, 𝜑 = 10 %) (right) 
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4.3 Weeping 

In Fig. 4, the comparison of models of the weeping rate with the data obtained from the test rig is shown. In the case 

of sieve trays (Fig. 4, left), both models are close to the measured data at specific points, but none is a suitable model 

for the entire curve. For the fixed valves (Fig. 4, right), the adapted literature models do not seem to fit well. Only the 

fixed valve-specific model of the TrayHeart® software of WelChem [13] provides a reasonably consistent result at 

lower gas loads. For an appropriate representation of the measured values, further research and detailed model 

adaptation is needed. 

    

Fig. 4 Weeping correlations [11-13] vs. gas load 𝐹𝑎𝑐 at a liquid load 𝑉̇𝐿 = 16 
m3

h
:  

sieve tray (𝑑ℎ = 10 mm, 𝜑 = 10 %) (left) and R-FV fixed valve (ℎlift = 7 mm, 𝜑 = 10 %) (right) 

4.4 Entrainment 

In Fig. 5, the entrainment measurements of sieve and fixed valve trays are compared with some relevant models from 

literature. It shows that for the sieve trays (Fig. 5, left), the measured values lie between the curves of the chosen 

models, but there is no model that fits properly.  

    

Fig. 5 Entrainment correlations [2,14-16] vs. gas load 𝐹𝑎𝑐 at a liquid load 𝑉̇𝐿 = 16 
m3

h
:  

sieve tray (𝑑ℎ = 10 mm, 𝜑 = 10 %) (left) and R-FV fixed valve (ℎlift = 7 mm, 𝜑 = 10 %) (right) 
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In the case of fixed valve trays (Fig. 5, right), the adapted model of Kozioł & Maćkowiak [16] provides the best 

matching curve at higher gas loads. It is notable, that the adaptation of the models to the fixed valves has very different 

effects on the different model curves. The extent of the differences shows the influence of the opening area on the 

models. 

5. Conclusions 
Although there are numerous model approaches on the hydraulic behavior of trays in the literature, in most cases there 

is no consensus on which is the best fitting model. As shown in the comparisons in this work, the available models for 

the parameters pressure drop, froth height, weeping and entrainment show large deviations from each other. Regarding 

the demand of flexible operation of tray columns due to the increasing power supply from renewable energies, the 

prediction of the behavior at the load limits is getting increasingly important. For this reason, a suitable hydraulic 

design is needed that can ensure proper operation of the system and thus results in a proper separation efficiency. This 

shows that further structured research is required, especially for models describing the behavior at the load limits of 

trays. Furthermore, there is a particular need for extensive research in the field of fixed valves, as there are few models 

available and also the adaptation of models needs to be further investigated. For this reason, the presented test rig offers 

the possibility to investigate numerous effects and hydraulic parameters on a technically relevant scale. Repeatable 

and automatable measurements for various hydraulic parameters ensure a reliable database for further investigations 

on high performance trays. 
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