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Dilute organic wastewater  such as Fischer-Tropsch (FT) derived water is generated in large amounts during 
the liquefaction process of synthesis gases (H2+CO) into fuels. The FT derived water contains small quantity 
of organic compounds, as a result purification treatment is required. However, current treatment methods 
are expensive and complex. Therefore, there is a need for innovative alternative treatment methods for these 
waste streams, which would increase overall process efficiency of FT synthesis. Aqueous phase reforming 
(APR) is a promising treatment method for the dilute organic wastewater. APR purifies and upgrades the 
organic content in the water into valuable chemicals, such as hydrogen. The research done so far on APR 
method has mainly used a single model feedstock compound among short and long chain alcohols to describe 
overall APR reactions of the FT wastewater. Furthermore, previous studies focused mainly on catalyst devel-
opment, therefore APR method is still at the development phase. More studies relating to APR reaction ki-
netics with phase interactions and reactor modeling with more realistic feedstock is required for the future 
commercial application of APR method.   

The aim of this study was to investigate APR of FT derived water by assessing and developing a kinetic model 
with pseudo-homogenous assumptions. Due to this approach, external and internal mass transfer were ne-
glected in the model and only the molecular diffusion of feedstock components and products in liquid-gas 
interphases were examined. The kinetic model was based on simultaneous APR reactions of real FT derived 
water fractions: methanol, ethanol, propanol and butanol into H2 and CO2 via water-gas shift (WGS) reac-
tion. In addition to this, several reactor models were assessed, in order to find the most suitable reactor for 
the study of APR method.  Peng-Robinson thermodynamic property model was used to predict the liquid-gas 
system compositions in reactor concept simulation of APR, since the model was designed for high pressure 
systems, such as in this study and it predicted the liquid density more accurately than SRK model, which is 
also commonly used method in liquid-gas simulation studies.  

 
The alcohol feedstock composition used in development of the kinetic model represented well APR and WGS 
of real FT derived water fractions into gaseous products, because alcohols made 2.65 % out of total 3.5 % of 
the organic content and mainly alcohols, such as methanol contributed most to gaseous product generation. 
The results relating to absence of external and internal mass transfer limitations estimated with Weisz-Prat-
ern (CWp) and Mears (MR) criterion supported the application of pseudo-homogeneous assumptions.  Adop-
tion of the power law as a rate law was more practical in establishing the kinetic model into applicable math-
ematical format, rather than using Langmuir-Hinshelwood-Hougen-Watson (LHHW) model. The kinetic 
model prediction of H2 and CO2 generation did not represent well the experimental results, therefore the 
model requires further development relating to equilibrium constant estimation. The simulation results of 
reactors relating to gaseous products, phase distribution and conversion predictions, the plug flow model was 
most suitable reactor model for APR studies compared to stoichiometric and equilibrium models. 

 

Keywords APR, kinetic modeling, reaction pathway proposal, reactor design 
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Orgaanisia aineita sisältävät laimeat jätevedet, kuten Fischer-Tropsch (FT) vesi muodostuu runsaasti sivuvir-

tana synteesikaasun (H2 + CO2) nesteytysprosessin yhteydessä. FT vedet sisältävät pieniä määriä orgaanisia 

yhdisteitä, joista vedet täytyy puhdistaa. Nykyiset käsittely- ja puhdistus menetelmät ovat monimutkaisia ja 

kalliita. Tästä johtuen olisi tarvetta, uusille ja innovatiivisille ratkaisuille, joilla käsiteltäisiin tällaisia jäteve-

sivirtoja ja jonka takia myös FT prosessin kokonaishyötyaste nousisi. Vesifaasireformointi (Aqueous phase 

reforming,engl. APR) on lupaava menetelmä orgaanisia aineita sisältävien laimeiden jätevesien käsittelyyn. 

APR puhdistaa ja jalostaa jätevedessä olevat orgaaniset aineet hyödyllisiksi kemikaaleiksi, kuten vedyksi. Tä-

hän asti tehdyissä APR tutkimuksissa on käytetty syötteenä lähinnä malli molekyylejä, lyhyt- tai pitkäketju 

alkoholeista kuvaamaan FT jätevesien APR reaktiota.  Aikaisempien tutkimuksien painopisteenä oli sopivien 

katalyysien kehittäminen, joten APR menetelmä on käytössä lähinnä laboratorio- mittakaavassa. Enemmän 

tutkimuksia tarvitaankin APR:n reaktiokinetiikassa, jossa huomioidaan myös faasien välistä vuorovaiku-

tuksia ja reaktorien mallinnuksen parissa realistisella syötteellä, jotta menetelmän kaupallistaminen olisi 

mahdollinen lähitulevaisuudessa. 

 

Tässä työssä tutkittiin FT jäteveden APR:a kehittämällä ja arvioimalla pseudohomogeeniseen oletukseen pe-

rustuvaa kineettistä mallia. Tästä oletuksesta johtuen, mallissa ei otettu huomioon ulkoista ja sisäistä aineen-

siirtoa, vaan alkoholien ja syntyneiden kaasujen molekulaarista diffuusiota neste -kaasu rajapinnoissa.  Ki-

neettinen malli perustui samanaikaisesti tapahtuviin FT jätevedessä olevien metanolin, etanolin, propanolin 

ja butanolin APR:a H2:ksi ja CO2:ksi vesikaasureaktion (engl.WGS) kautta. Tämän lisäksi, työssä tarkastel-

tiin ja arvioitiin erilaisia APR tutkimuksiin sopivia reaktori tyyppejä. Peng-Robinsonin tilanyhtälö mallia käy-

tettiin ennustamaan yhtäaikaista höyry -kaasu systeemin olemassa oloa ja pitoisuuksia alkoholien APR simu-

loinnissa, koska kyseinen tilanyhtälö on suunniteltu korkea paine systeemeille ja se myös ennustaa nesteti-

heyksiä paremmin kuin SRK tilanyhtälö malli, jota myös yleisesti käytetään neste -kaasu systeemien simu-

loinnissa.  

 

Kineettisen mallin kehityksessä käytetty syötteen alkoholi koostumus kuvasi hyvin FT jäteveden APR ja WGS 

reaktioita, koska alkoholeja oli 2.65 % kaikesta 3.5 % orgaanisesta aineksesta ja myös alkoholit, kuten meta-

nolin reformointi vaikutti suuresti kaasutuotteiden syntyyn. Ulkoisen ja sisäisen aineensiirron puutteeseen 

viittaavat tulokset, joita saatiin Weisz-Prater (engl. CWP) ja Mears (engl. MR) kriteereillä tukivat pseudoho-

mogeenisen oletuksen käyttöönottoa kineettisessä mallissa.  Potenssiyhtälön käyttö nopeusmallina, jotta ki-

neettinen malli saatiin käytännössä sovellettavaan matemaattiseen muotoon, oli käytännönläheisempi pro-

sessi verrattuna Langmuir-Hinshelwood-Hougen-Watson (engl. LHHW) mallin käytössä. Kehitetyn kineet-

tisen mallin tuotekaasujen virtausnopeuksien ennusteet olivat epäsopivia verrattuna kokeellisiin tuloksiin. 

Tästä johtuen malli vaatii jatkokehittämistä tasapainovakion estimoinnin suhteen.  Reaktorien simulointi tu-

lokset koskien kaasutuotteiden, faasijakauman ja konversion ennusteiden perusteella tulppavirtausreaktori 

soveltuu paremmin APR tutkimuksiin, kun muut vertailukohteena olleet stoikiometrinen – ja tasapainoreak-

tori.   

 

Avainsanat APR, kineettinen mallinnus, reaktiopolun johtaminen, reatorin suunnittelu 
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Symbols 
 

AE Pre-exponential term 
A Component  
A*           Intermediate 
a Reaction coefficient 
𝜶𝒓 Reaction order    

𝒂𝒗 Interface area between gas and liquid phase 

𝒂𝒑            Interface area between liquid and solid phase   

𝒂𝒊 Activity coefficient 

𝒂 Intermolecular attraction force coefficient   

𝜶 Attractiveness term in original Redlich Kwong equation 

𝒂𝒊𝒍           Reaction specific coefficient 

B Component 
B*            Intermediate 
𝒃 Molecular size dependent coefficient   

𝜷 Reaction order    
C Component 
cA Component concentration  [ mol L-1] 
cB Component concentration  [ mol L-1] 
cc Component concentration  [ mol L-1] 
CAS Concentration at catalyst surface [ mol L-1 ] 
CAB Concentration at bulk phase [ mol L-1 ] 
CWP Weisz-Prater criterion 
𝑪𝑨𝟎        Initial concentration [ mol L-1 ] 
D Component 
Di Molecular diffusivity in general equation [ m2  s-1 ] 
𝑫𝑨𝑩
𝒐  Molar diffusivity [ m2  s-1 ] 

DLi Molecular diffusivity in liquid solid interphase [ m2  s-1 ] 
DGi Molecular diffusivity in liquid gas interphase [ m2  s-1 ] 
EA Activation energy [ J ] 
𝜺 Molar ratio between feed and product 

𝑭𝑨𝟎 Initial molar flowrate [ mol s-1 ] 

𝒇 Function 

𝒇𝒊 Fugacity 

𝒇𝒊
𝟎
 Standard state fugacity 

∆𝑮𝟎       Gibbs free energy 
Ji Diffusion flux [ mol m-2  s-1 ] 
Ki     Equilibrium constant 
ki Reaction rate constant [ m-1 s-1] 
 kGi    Mass transfer coefficient in gas phase [ s-1 ] 
kLi Mass transfer coefficient in liquid phase [ s-1 ] 
KT Thermodynamic equilibrium 
kx Increasement 
𝒌𝒓𝒆𝒇 Reaction rate constant reference from experimental 

data [1 m-1 s-1] 
MR Mears criterion 
m Concentration exponent 
𝒏𝑳 Molar flowrate of liquid [ mol s-1] 

𝒏�̇� Molar flowrate of gas [ mol s-1] 
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𝑵𝑳
𝒃           Flux of component b in gas  interphase [ mol s-1 ] 

𝑵𝑳𝑺
𝒃  Flux of component b in liquid interphase [ mol s-1 ] 

n Concentration exponent 
Q Objective function 
P Pressure [ bar ] 
p Parameter 
𝑷𝒄 Critical pressure [ bar ] 
Ri   Reaction rate for specific reaction [ mol s-1] 
Rn Catalyst particle radius[ m ] 
ri Overall reaction rate [ mol g-1 s-1 ] 
R Ideal gas constant [J mol-1 K-1 ] 
𝑺𝒉𝒑 Sherwood number  

𝜹𝑳𝒊        Thickness of interphase in liquid interphase [ 𝜇m ] 
𝜹𝑮𝒊 Thickness of interphase in gas interphase [ 𝜇m ] 
T Temperature  [ K ] 
𝑻𝒄 Critical temperature [ K ] 

𝝉 Catalyst tortuosity 

t Time [ s ] 
V Molar volume [ m3 mol-1] 
VR Volume of reactor [ m3 ] 
𝑾 Weight of catalyst [ g ] 

wi Weight factor   
𝑿 Conversion [ % ] 

∆𝒙𝒊 Thickness of interphase 
y Unknown function [ mol L-1 ] 
yn Concentration of previous step  [ mol L-1 ] 
𝒚𝒊 Experimentally gained concentration    

𝒚�̂� Model predicted concentration   [ mol L-1 ] 

𝒚𝒏+𝟏        Model predicted concentration in ODEs [ mol L-1 ] 

𝝓𝒊
𝑳 Fugacity coefficient in liquid phase 

𝝓𝒊
𝑮 Fugacity coefficient in gas phase 

𝜼𝑩 Viscosity of water [ cP ] 

∅ Thiele modulus 

𝜼 Internal effectiveness factor  

𝜺𝑳 Porosity of catalyst 

∅𝒊 Dimensionless association factor 
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Abbreviations 
 
APR Aqueous phase reforming 
ATR Auto thermal reforming 
COD Chemical oxygen demand 
EOS Equation of state 
FT Fischer-Tropsch 
HTFT High temperature Fischer-Tropsch 
LHHW Langmuir- Hinshelwood-Hougen-Watson 
LTFT Low temperature Fischer-Tropsch 
ODE Ordinary differential equation 
POX Partial oxidation 
PR Peng-Robinson 
SR Steam reforming 
SRK Soave-Redlich Kwong 
WGS Water gas shift reaction 
WHSV Weight hourly space velocity 
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1 Introduction 
 

Much of the synthesis gases which mainly contains CO and H2 are liquefied into 

hydrocarbons using the Fischer-Tropsch (FT) process for the production of fuels 

and chemicals [1]. Furthermore, the FT process generates wastewaters, that re-

quires further purification treatment. FT derived waters are industrial waste 

streams that contains 3-10% water-soluble oxygenated hydrocarbons [2]. Cur-

rently, oxygenates from these waste streams are processed using either expen-

sive, complex and energy intensive separation treatment methods or expensive 

water purification processes [2]. Furthermore, biological anaerobic treatment 

method are being developed, however the reaction condition control of this 

method is challenging [3]. Therefore, much research has been devoted to de-

velop alternative methods for industrial dilute organic streams [4]. 

 

A novel and not yet commercialized aqueous phase reforming (APR) concept 

were introduced by Dumesic and his colleagues [5] which could offer a viable 

option for treating dilute organic streams, such as FT derived waters. In APR, 

oxygenated hydrocarbons, such as sugars and alcohols, are reformed into hy-

drogen and other valuable chemicals [5]. Furthermore, method offers three ad-

vantages compared to more traditional steam reforming (SR): no required vapor-

ization of the liquid feed; lower operational temperature (~200°C), which with an 

appropriate catalyst enables the additional production of hydrogen through the 

water gas shift (WGS) reaction [4]; and the use of a single step reactor combining 

APR with WGS [6]. 

 

Upgrading dilute streams containing alcohols and sugars with APR into valuable 

chemicals such as hydrogen has been intensively studied due to the possibilities 

and advantages APR could offer as a commercialized method [6-8]. In these 

studies, the feedstock used have been model alcohol or sugar compounds that 

represent some part of real feedstock composition [4]. Furthermore, previous re-

search on APR has mainly focused on identifying catalysts for maximizing 

H2 yield [6-10]. In order to upgrade from lab scale into commercial scale the APR, 

kinetic process has to be studied and understood. The kinetic models done so far 

to describe APR of sugars or alcohols does not include assessment of the inter-
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phase transaction between the gas-liquid phases [7]. The mass transfer phenom-

ena between the phases are fundamental aspect in three phase reactors, such 

as APR reactor [8]. Therefore, in order to enhance understanding of the APR 

process of FT waters, there is a need to develop a kinetic model including the 

phase interaction effects with more realistic feedstock composition.   

 

The aim of this thesis was to develop and asses a kinetic model with pseudo-

homogeneous assumptions for FT derived water fractions: methanol, ethanol, 

propanol and butanol APR into hydrogen and carbon dioxide. The kinetic model 

was built on a simultaneous APR reaction of the main alcohols using Power law 

as rate law. The mass balances are solved with Ordinary Differential Equations 

(ODEs). Furthermore, in order to estimate kinetic parameters for the kinetic 

model, gas product concentration predictions of the model are compared with 

experimentally provided concentrations using Least square optimization routes 

with Levenberg-Marquardt simplex method. Furthermore, three possible reactor 

models are simulated and assessed for suitability in APR reactor design. The 

heat transfer phenomena of APR and the parameters related to heat transfer are 

not considered and are outside of the thesis scope.  The aim of the following 

literature review is to present the source and composition FT derived waters, the 

APR and its current status compared to conventional waste stream treatment and 

reforming methods, current kinetic models for APR and procedures used in the 

thesis to develop a kinetic model with pseudo-homogeneous assumptions for 

APR of FT derived water fractions.  

. 
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2 Literature Review 
 

2.1 Source and composition of FT derived water 

 

The FT derived waters are generated during the production of hydrocarbons in 

the FT process . The FT process consists of several chemical reactions that pro-

duces liquid hydrocarbons, such as paraffin’s(a), olefins (b) and alcohols (c) from 

syngas, consisting carbon monoxide and hydrogen [2]. Syngas feedstock for FT 

process is obtained from gasification of several sources such as coal, biomass 

or organic waste [1]. The waters formed during FT process are separated during 

the condensation stage of the final products [2]. In the condensation stage, some 

amount of alcohols and organic acids are dissolved into water. It is estimated that 

for every 1 ton of hydrocarbons produced with the FT process 1.1- 1.3 tons of 

water is generated [3]. The pH of FT waters is around 3 and mainly because of 

the alcohols and organic acids the FT derived water has relatively high chemical 

oxygen demand (COD) up to 30 g per liter [9], as indicated in Table (1).   

 

(a) 𝑛𝐶𝑂 + (2𝑛 + 1)𝐻2 → 𝐶𝑛𝐻2𝑛+2 + 𝑛𝐻2𝑂 

(b) 𝑛𝐶𝑂 + 2𝑛𝐻2 → 𝐶𝑛𝐻2𝑛 + 𝑛𝐻2𝑂 

(c) 𝑛𝐶𝑂 + (2𝑛 − 1)𝐻2 → 𝐶𝑛𝐻2𝑛−1𝑂𝐻 + (𝑛 − 1)𝐻2𝑂 

 

Table 1. An example characteristics of FT derived water [3]. 

Parameters Concentration mg/L 

COD 28.00-30.22 

pH 3 

 

The organic content in the FT water depends on the reaction temperature (220°C 

-350°C) and pressure (20-45 bar) of the FT process. In the high temperature FT 

(HTFT) process, where the operation is conducted at high temperature (~350°C) 

and pressure (~45 bar), the amount of oxygenated hydrocarbons is 7%-10% from 

the total water stream [10]. In the HTFT process, the generated water contains 

mainly alcohols, ethanol being the most abundant alcohol.  In the low temperature 

FT (LTFT) process, where the operation is conducted at lower temperature ( 

~220°C) and pressure (~20 bar), the water phase also contains mainly alcohols 
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especially methanol, but the overall oxygenated hydrocarbon content is around 

3% which is less than in HTFT process generated water stream [2],[11]. Cur-

rently, the alcohol and other valuable organic content in FT waters are separated 

from the waters with a recycle system, however even after this step the generated 

water stream contains 3% to 7% organic content and is required for further treat-

ment [3]. Next section presents conventional FT treatment methods.  

 

2.2 Current FT water treatment methods  

 

FT water stream has organic content which must be recovered for further use or 

purified from water before disposure [9]. Current methods to treat the FT-waters 

are based on multistep separation process including liquid-liquid-vapor extrac-

tion-distillation systems to separate and collect the oxygenated hydrocarbons 

from the water. The water treatment for low amount of organics containing water, 

such as the ones generated in the LTFT process, the separation and recovery 

process of the oxygenated hydrocarbons is expensive [2]. Generally, the separa-

tion treatment is not economically feasible considering the small amount of re-

covered oxygenated hydrocarbons from the treated water. In cases where the 

organics are highly diluted in concentrations around 3 % the water is disposed as 

waste. [2] An alternative treatment method for these types of diluted streams is 

anaerobic digestion process, where the water is treated with microbes to produce 

methane from the oxygenates [12]. However, this method is difficult to operate 

optimally due to the complex operation conditions of anaerobic digestion process 

where the pH, nutrient amount and feeding rate among others has to be consid-

ered. [12] Alternative treatment method based on intensification of anaerobic pro-

cess has been studied however it the control of operational conditions is chal-

lenging and the development process is in initial stages [3].    

2.3 Conventional reforming methods   

 

As shown in Table (2), various reforming technologies have previously been used 

for hydrogen production, including auto thermal reforming (ATR), steam reform-

ing (SR) and partial oxidation (POX) [17]. The ATR method produces hydrogen 

and carbon monoxide, i.e., syngas from a gas feedstock, such as natural gas or 

FT tail-gas [17]. The gas feedstock is reformed with oxygen and the reforming is 
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enhanced with a metal catalyst, thereby increasing overall product yield [13]. The 

SR is also a common syngas production method that is operated at a high tem-

perature (~1000°C). Fossil fuels, such as natural gas is used for this reforming 

method. The POX method is based on reforming a gas feedstock with a limited 

amount of oxygen at high temperature. [17] However, these three methods are 

complex and energy intensive due to high operational temperature of 700-1000°C 

requirements [13]. For this reason, an alternative reforming method, when treat-

ing aqueous streams, which is efficient, and less energy consuming is introduced 

in the next section. 

 

Table 2. Summary of current hydrogen production technologies [13]. 
 
Reforming tech-
nology 

Advantages Disadvantages Typical developers/ 
licensors 

POX Desulfurization of 
the feed not re-
quired 

Very high process 
operating temper-
ature 

Royal Dutch/Shell, 
Texaco Inc. 

SR Best H2/CO for 
production of liq-
uid fuels 

High air emissions 
and more expen-
sive method than 
POX and ATR 

Wheeler Corp, Tech-
nology and Uhde 
GmbH 

ATR Lower process 
temperature re-
quirement than 
POX 

Limited commer-
cial experience 

Lurgi, Haldor Topsoe 

 

2.4  APR of oxygenated hydrocarbons  

 

A novel catalytic process to upgrade dilute organic waste streams to hydrogen 

and other valuable chemicals through APR was introduced in 2002 [5]. Unlike 

current wastewater treatment methods and reforming processes described in the 

previous section, APR has two advantages: lower energy consumption and com-

bination of hydrogen producing reaction occurring in same operational conditions. 

Compared to SR, APR requires lower  operational temperature (~ 227°C) than 

SR (~ 627°C), since APR processes the feed in the liquid phase rather than in 

the gas phase [14]. Even though, from a kinetic and thermodynamic perspective, 

reactions are faster at higher temperatures [15] whereas, lower operational tem-

peratures favor the APR reactions [4]. Furthermore, lower operational tempera-

ture minimizes undesired decomposition reactions, such methanation reactions 
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of hydrogen and carbon dioxide, which would occur at higher operational temper-

atures, whilst enhances the side reaction water-gas shift (WGS), producing hy-

drogen from CO and H2O. Both the main APR and side WGS reactions occur in 

the same reactor and operation conditions. This is a significant advantage com-

pared to steam reforming which requires multiple reactor steps and higher tem-

perature to convert CO into CO2 through WGS [6]. Studies indicate that APR 

operating at a low temperature of 227°C was efficient to convert a short chain 

oxygenated hydrocarbons with a carbon-oxygen ratio of 1:1, such as methanol 

into hydrogen and carbon dioxide. However, as mentioned before APR can have 

unwanted side reactions, such as decomposition of main hydrogen and carbon 

dioxide into methane. The final product distribution of APR depends on the oper-

ation conditions, feedstock composition and catalyst selectivity. 

 

Due to the ability of reforming dilute organic waste streams into valuable chemi-

cals, this method could provide a viable option to treat industrial organic waste 

streams that  contain mainly oxygenated hydrocarbons [5]. This has led in recent 

years into study of APR as possible treatment method for dilute organic waste 

streams into valuable chemicals. The feedstock used in these studies where 

model compounds of some part of the feedstock (e.g., methanol) [16], the used 

catalysts was more economical than platinum (e.g, nickel) [17] and reaction con-

ditions where (e.g.,200-250°C and 20-25 bar) [4] while to main aim was to in-

crease selectivity towards the desired product.  Even tough, APR of organic com-

pounds has been studied, the method has not reach beyond laboratory scale. In 

order to move towards commercialization of the process, more research and de-

velopment is needed in the study of process mechanisms. [4] Utilizing APR would 

further enhance overall efficiency of the process that initially generated the waste 

such as FT synthesis [18].  Unlocking these challenges would make APR a viable 

industrial waste stream treatment method that would generate valuable chemi-

cals, such as hydrogen and alkanes, from the oxygenated hydrocarbons and 

other organic compounds in the waters. 
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2.5 Challenges in APR 

 

The APR method has significant advantages compared to current organic 

wastewater treatment methods. However, there is still a need to conduct more 

studies in overcoming several challenges in APR. The main challenges that is 

required to be solved are related to efficiency of the process in terms of operation 

conditions, catalyst deactivation, yield and selectivity towards desired products 

[4]. Furthermore, the challenges include finding the right type of catalyst, which 

has good selectivity and stability. Generally, in APR studies, platinum-based cat-

alysts are commonly used due to their good properties, such as a high H2 product 

selectivity and yield. [16] Since platinum-based catalyst are expensive, more eco-

nomical catalyst have to be utilized in order for APR to become more economi-

cally efficient process.  Therefore, recent studies of APR have been conducted 

with a more economical, nickel based catalysts [16]. Other challenges derive from 

the selectivity issues in low operation temperature, where the desired products 

H2 and CO2 are thermodynamically unstable in respect of water and alkenes, 

such as methane and could further react [6]. Along with APR also WGS occur in 

same operational conditions as displayed on Scheme (1), where methanol is re-

formed into carbon monoxide and hydrogen. Furthermore, carbon monoxide re-

acts with water in WGS and generates carbon dioxide and more hydrogen. For-

mation of undesired methane from the gas products are displayed in Scheme (2) 

[19].   

 

 

 𝐶𝐻3𝑂𝐻 ↔ 𝐶𝑂 + 2𝐻2  
   
 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 2𝐻2  

  

Scheme. 1 Desired APR and WGS.   
 

                                                                             

 𝐶𝑂 + 3𝐻2 ↔ 𝐶𝐻4 + 𝐻2𝑂  
   
 𝐶𝑂2 + 4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂  
   

Scheme. 2 CO methanation and CO2 methanation.  
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2.6  Kinetic models for the APR of oxygenated hydrocarbons 

 

Even though APR is intensively studied in the field of catalysis, the reaction en-

gineering aspect of the process where reaction mechanisms and kinetic modeling 

are investigated is in early phases.  The focus of previous studies have been 

mainly on catalyst development and optimization of APR process conditions to 

maximize product yield and selectivity [20]. Furthermore, current studies on ki-

netic modeling of APR have mainly used model compounds that represent some 

of the species of real water fractions, these studies evaluated mass transfer phe-

nomena on particle size level and neglected the mass transfer phenomena gen-

erating from the fluxes of fluids [7], [21]. Following chapters will overview these 

few existing kinetic models for APR [7], [21] and their development process.  

 

2.6.1 Kinetic modeling of sorbitol  

 

Kirilin et al. studied APR of polyols by developing a mechanistic kinetic model for 

APR of sorbitol (long chain alcohol) in a continuous fixed bed reactor with a di-

ameter of 4.8 mm and length 180 mm [11]. The kinetic model was developed to 

describe the sorbitol reforming into gas phase products and liquid phase prod-

ucts. The catalyst used in the study was Platinum on aluminum support and the 

particle size where 120-250 µm [11]. A Mixture consisting of 1 vol % helium in 

nitrogen was used as carrier of the feedstock of 10 wt.% sorbitol in aqueous so-

lution and the operation temperature was 225 °C whereas the operation pressure 

was 29.3 bar [11]. 

 

The experimental data was generated with sorbitol flowrate of 1.53 mol/(l*s) at 

2.7 weight hourly space velocity (WHSV) and catalyst particles maximum size of 

150 μm avoided mass transfer limitations. This was further estimated with Weizs-

Prater criteria (CWP) concerning internal diffusion limitations whereas, the mass 

transfer limitations between the particles was neglected because of the lack of 

extensive experimental data. To develop appropriate kinetic model, firstly the re-

action mechanisms need to be studied. Therefore, In APR of sorbitol a reaction 

pathway was proposed using previous literature and experimental data gener-

ated for the studies. In the development of a kinetic model, reaction pathways 

displayed in Scheme (3), where proposed, that could explain the formation of 
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main products H2, CO2 and hydrocarbons both in liquid and gas phase [11]. 

Therefore, only the main reactions and intermediates with significant amount of 

measured concentration in the output were considered when constructing the re-

action model. Initially 8 reaction pathways where proposed and the 9 th was 

added to correct overall mass balances that also explains other possible side 

reactions such as formation of furan [11]. 

  

(1) 𝐶6𝑂6𝐻14
∗ +∗→ 𝐶6𝑂6𝐻12

∗ + 𝐻2 
(2) 𝐶5𝑂5𝐻12

∗ +∗→ 𝐶6𝑂6𝐻10
∗ + 𝐻2 

(3) 𝐶4𝑂4𝐻10
∗ +∗→ 𝐶6𝑂6𝐻8

∗ + 𝐻2 
(4) 𝐶3𝑂3𝐻8

∗ +∗→ 𝐶6𝑂6𝐻6
∗ + 𝐻2 

(5) 𝐻2𝑂
∗ + 𝐶𝑂 → 𝐶𝑂2 + 𝐻2 

(6) 𝐶4𝑂4𝐻10
∗ +∗→ 𝐶4𝑂4𝐻8

∗ + 𝐻2𝑂 

(7) 𝐶3𝑂3𝐻8
∗ +∗→ 𝐶3𝑂3𝐻6

∗ + 𝐻2𝑂 

(8) 𝐶2𝑂2𝐻6
∗ +∗→ 𝐶2𝑂2𝐻4

∗ + 𝐻2𝑂 

(9) 𝐶3𝑂3𝐻8
∗ +∗→ 𝐶2𝑂2𝐻6

∗ + 𝐻2 + 𝐶𝑂 

 

Scheme 3. Proposed reaction pathways [7]. 
 

Original reaction pathway proposal consisted 17 reactions. Due to the complex 

and large number of reactions, the simplification was done by neglecting majority 

of intermediates with pseudo-quasi-steady state approximation method. The pro-

posed reaction pathway consisted of two reaction mechanisms which were as-

sumed based on the experiments and literature review. Furthermore, reaction 

pathways consisted of combination elementary and intermediate steps, was the 

base of 9 rate equations as shown in the Scheme (4) LHHW- model was used for 

the rate law development. Furthermore, the production of main gaseous products 

H2 and CO2 in the reactor were explained with the following reaction rates dis-

played in Scheme (5).  

 

𝑅1 = 𝑘2
′𝐶𝐶6𝑂6𝐻14 

𝑅2 = 𝑘4
′𝐶𝐶5𝑂5𝐻12 

𝑅3 = 𝑘6
′𝐶𝐶4𝑂4𝐻10 

𝑅4 = 𝑘8
′𝐶𝐶3𝑂3𝐻8  

𝑅5 = 𝑘11
′ 𝐶𝐶𝑂 

𝑅6 = 𝑘13
′ 𝐶𝐶4𝑂4𝐻10 

𝑅7 = 𝑘15
′ 𝐶𝐶3𝑂3𝐻8 

𝑅8 = 𝑘17
′ 𝐶𝐶2𝑂2𝐻6 

𝑅9 = 𝑘18
′ 𝐶𝐶3𝑂3𝐻8 

 

Scheme 4. Proposed rate laws based on power law [7]. 
 



15 

 

𝑟𝐻2 = 𝑅1+𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 

𝑟𝐶𝑂2 = 𝑅5 

 

Scheme 5.  Generation of gaseous products [7]. 
 

The estimated kinetic parameters in this study where reaction rate constants k’s 

of rate equations. After those kinetic parameters where estimated using Leven-

ber- Marquardt simplex method the molar flowrate result of the model where com-

pared with the experimental flowrates of H2 and CO2 at different stages of weight 

hourly space velocity (WHSV) that was based on the mass of initial components 

fed per mass of the catalyst per hour [7].  As illustrated in Figure (1), the model 

predicted well overall increasing formation of both H2 and CO2 in higher WHSV.  

However, as also can be seen the proposed kinetic model can be further devel-

oped to better fit the experimental data by considering other possible pathways 

in sorbitol reforming reaction [7].  

 

 
 
Figure 1. Comparison between experimental formation of H2 (a) and CO2 (b) and 
the model prediction in molar flowrates [7].  
 

2.6.2 Kinetic modeling of xylitol APR  

 

A study conducted Murzin et al. on kinetic modeling of xylitol (long chain alcohol) 

APR in a continuous fixed bed reactor with a diameter of 64 mm and length of 

520 mm. The feedstock of 10 wt.% xylitol in aqueous solution was carried by a 

gas mixture consisting of 1 vol % helium in nitrogen.  The operating temperature 

was 225°C whereas the operation pressure was 29.3 bar. [21] The catalyst used 

in this reaction 5 g of  

2.5 % platinum on a 125 µm carbon support. Furthermore, in this research, kinetic 

modeling was simplified due to the complex reaction mechanism of APR and lack 

of solid knowledge on the reaction process.  In this study, xylitol and variety of its 
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intermediates where assumed to reform into H2, CO2 and alkenes as displayed 

in Scheme (6) and (7), where c and b are lumped coefficients explained formation 

of H2, CO2 and alkenes. 

 

(1) 𝐶505𝐻12 → 𝐼𝑛𝑡1
∗ → 𝑐𝐶𝑂2 + 𝐻2 

(2) 𝐶505𝐻12 → 𝐼𝑛𝑡2
∗ → 𝑐𝐶𝑂2 + 𝐻2 

(3) 𝐶505𝐻12 → 𝐼𝑛𝑡3
∗ → 𝑐𝐶𝑂2 + 𝐻2 

(4) 𝐶505𝐻12 → 𝐼𝑛𝑡4
∗ → 𝑐𝐶𝑂2 + 𝐻2 

(5) 𝐶505𝐻12 → 𝐼𝑛𝑡5
∗ → 𝑐𝐶𝑂2 + 𝐻2 

(6) 𝐶505𝐻12 → 𝐼𝑛𝑡5
∗ → 𝑐𝐶𝑂2 + 𝑏𝐻2 

 

Scheme 6. Proposed reaction pathways leading to gaseous products [21]. 
 

(1) 𝐶505𝐻12 → 𝐼𝑛𝑡1
∗ → 𝐶5𝐻12 

(2) 𝐶505𝐻12 → 𝐼𝑛𝑡2
∗ → 𝐶4𝐻10 

(3) 𝐶505𝐻12 → 𝐼𝑛𝑡3
∗ → 𝐶3𝐻8 

(4) 𝐶505𝐻12 → 𝐼𝑛𝑡4
∗ → 𝐶2𝐻6 

(5) 𝐶505𝐻12 → 𝐼𝑛𝑡5
∗ → 𝐶𝐻4 

 

Scheme 7. Proposed reaction pathways leading to alkenes [21]. 
 

The LHHW model was used in the reaction rate development for the formation of 

main gases and alkanes are displayed in Scheme (8)-(10), were derived from the 

reaction pathways and only the adsorption of xylitol was considered.   

 

𝑅𝑖1 =
𝑘𝑖1𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
;  𝑅𝑖2 =

𝑘𝑖2𝐶𝑖𝑛𝑡1
1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

; 

𝑅𝑖3 =
𝑘𝑖3𝐶𝑖𝑛𝑡2

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
; 𝑅𝑖4 =

𝑘𝑖4𝐶𝑖𝑛𝑡3
1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

; 

𝑅𝑖5 =
𝑘𝑖5𝐶𝑖𝑛𝑡4

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
; 𝑅𝑖6 =

𝑘𝑖6𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
 

 
Scheme 8. Reaction rates proposal for the intermediates [21]. 
 

𝑅1 =
𝑘1𝐶𝑖𝑛𝑡1

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
;  𝑅2 =

𝑘2𝐶𝑖𝑛𝑡2
1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

; 

𝑅3 =
𝑘1𝐶𝑖𝑛𝑡3

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
;  𝑅4 =

𝑘2𝐶𝑖𝑛𝑡4
1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙

; 

𝑅5 =
𝑘𝑖5𝐶𝑖𝑛𝑡5

1 + 𝐾𝑥𝐶𝑋𝑦𝑙𝑖𝑡𝑜𝑙
 

 

Scheme 9. Reaction rates proposal for hydrogen and carbon dioxide [21]. 
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Furthermore, the generation of hydrogen and carbon dioxide was proposed with 

following summed reaction rates where b and c are values for summed coeffi-

cients: 

 

𝑟𝐻2𝑠𝑢𝑚 = 𝑏(𝑅1 + 𝑅2 + 𝑅3 + 𝑅4 + 𝑅5 + 𝑅6 − 𝑅𝑖1 − 𝑅𝑖2 − 𝑅𝑖3 − 𝑅𝑖4 − 𝑅𝑖5 

 

𝑟𝐶𝑂2𝑠𝑢𝑚 = 𝑐(5𝑅1 + 4𝑅2 + 3𝑅3 + 2𝑅4 + 𝑅5) 

 

Scheme 10. Generation of gaseous products [21]. 
 

The kinetic modeling for the reaction rates were done using a steady state packed 

bed reactor model with axial dispersion unit where Pe number was applied. The 

mass transfer of the reactants through liquid film surrounding the catalyst was 

considered and the reactions assumed to occurred on the surface of the catalyst. 

The liquid and solid phase Mass transfer coefficient where calculated using Sher-

wood number Shp and Pseudo-steady-state approach was used to solve the mass 

balance equations.  

 

  

 
 

Figure 2. Comparison between experimental formation of H2 (a), CO2 (b) inter-
mediates (c) and the decomposition of xylitol with the model prediction in molar 
flowrates [21]. 
 

The calculated model results where compared with the experimental data and the 

results as displayed in Figure (2). were highly accurate in explaining the formation 

and decomposition reactions in space time 𝜏 gained from experimental data [7].  
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The data fitting of this kinetic model compared to Kirlin. et Al. model is more ac-

curate. This could be explained with the extensive intermediate reactions, that 

generate and consume the main reactions are taken into account in this model.  

However, both studies did not take into consideration the mass transfer phenom-

ena of the gas and liquid fluids inside the fixed bed catalyst and the impact may 

have on the rate equations.  

2.7  Development of kinetics models 

 

Chemical reaction engineering studies have developed significantly in recent 

decade, due to the emergence of powerful computer software that facilitate solv-

ing complex reactions and the progress made in the experimental methods [22]. 

Studying chemical kinetics enables detailed scale up and design of industrial re-

actors. Therefore, development of a kinetic model is required to scale up APR.  

Figure (3). shows the scheme of a kinetic model development procedure, with the 

focus of this thesis work inside the red square.  The development of a kinetic 

model and it aiming to fit it with experimental data is important in order to obtain 

a model which can be applied for interpolation and extrapolation of the experi-

mental data [23]. The derived and verified parameters can be utilized in process 

and reactor design during a scale up process to allow APR commercialization. 

The experimental data required for the validation of kinetic model can be obtained 

from concentration data  as a function of time, composition, pressure and tem-

perature [24]. Kinetic parameters can be determined either analytically or com-

putationally by applying numerical methods. Analytical methods are more classi-

cal, and they can be used for single reactions. However, this method does not 

give high accuracy results. In cases, where there is multiple reactions or param-

eters to be solved, numerical methods where the results in moderately accurate 

due to the integration of the numerical values [23]. Different derivation methods 

are used for modeling catalytic kinetics in homogenous, heterogeneous and en-

zymatic systems. The next section focuses on the steps required to develop a 

comprehensive kinetic model that takes considers gas and liquid fluxes of com-

ponents.  
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Figure 3. Scheme to development of a kinetic model for reactor design (modified 
from Ref. [25]). 
 

2.7.1 Reaction pathways of heterogeneous catalytic reactions 

 

Reaction pathways are the base for the derivation of the mechanistic kinetic 

model [26]. In reality, the reaction mechanisms are complex and they typically 

consist of multiple elementary steps- Furthermore, there can be more than one 

reaction pathway to the desired products. [27] Non-elementary reactions with 

several elementary steps and reaction intermediates can be solved using 

pseudo-steady-state hypothesis. In pseudo-steady-state hypothesis, intermedi-

ates are assumed to have very short lifetime and low concentrations and there-

fore the rate of intermediate 𝐴∗  is assumed to be zero and the intermediate con-

centration [𝐴∗] can be neglected. The simplified reaction mechanism will consist 

of experimentally measurable components such as A, B and D as illustrated in 

example reaction indicated in Scheme (11), where component A first adsorbs in 

the catalyst surface, then reacts with component B forming component product D 

[28].  

 

𝐴 ↔ 𝐴∗ (Adsorption)                                                                                                   

𝐴∗ + 𝐵 ↔ 𝐷 (Surface reaction)                                                                                   

𝐴 + 𝐵 ↔ 𝐷 (Overall reaction)                                                                                      

 

Scheme 11.  Reaction steps example [28]. 
 



20 

 

The basic mechanisms of heterogeneous catalytic consists of 3, steps, including 

adsorption, surface reaction and desorption. The first step is activation of reactant 

molecule via adsorption on the catalyst. The adsorption should be chemisorption 

with enthalpy change higher than 80 kJ mol-1 because in physisorption, the acti-

vation of the reactants will not occur. [29] Adsorption reaction is associative when 

the molecule reacts with a single active site on the catalyst surface, or dissocia-

tive when the molecule breaks into ions and reacts with more than one site on 

the catalyst surface. [30] The most common reaction models in heterogeneous 

catalysis are Langmuir- Hinshelwood-Hougen-Watson(LHHW) [31]. As illustrated 

in Scheme (12). In LHHW reaction mechanism one or two active sites * are oc-

cupied with the reactants A and B, the reaction takes place between the absorbed 

reactants on the surface. [32]  The former case of A and B component reacting 

with each other is called dual site bimolecular reaction and latter single site mono-

molecular reaction (e.g. isomerization, decomposition). [28] In both cases, the 

concentration of intermediate species adsorbed on the catalyst surface can be 

estimated with quasi- steady state approximation. LHHW model suggest that the 

molecules adsorb uniformly on the catalyst surface, then reacts and the product 

rapidly desorbs. Additionally, it can be assumed equilibrium between the mole-

cules in the bulk and the ones adsorbed into catalyst surface. [26] However, the 

LHHW theory requires extend detail experimental data, the process of selecting 

and evaluating most feasible reaction mechanism is lengthy and shortcomings in 

the both conditions is most common reason for errors in the kinetic parameters 

that model generates [31]. 

  

𝐴 +∗↔ 𝐴∗(𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒) (Adsorption)                                                                     

𝐵 +∗↔ 𝐵∗(𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒) (Adsorption)                                                                     

𝐴∗ + 𝐵∗ ↔ 𝐶∗ +∗ (Surface reaction)                                                                         

𝐶∗ ↔ 𝐶 +∗ (Desorption)                                                                                           

𝐴 + 𝐵 ↔ 𝐶 (Overall reaction)                                                                                    

     

 

Scheme 12. LHHW-reaction mechanism example [28]. 
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2.7.2 Rate laws and kinetic equations for heterogeneous catalytic re-
actions  

 

The rate laws can be deducted based on proposed reaction mechanisms [25]. 

Depending on the number of molecules involved in the reaction, elementary re-

actions can be unimolecular, bimolecular or termolecular. The order of rate law 

for elementary reactions can be first-order for unimolecular reactions, second or-

der for bimolecular reactions and third order for termomolecular reactions. [27].  

Simplest rate law is power law as displayed in Eq. (1), which is based on deriva-

tion of rate law from overall reaction, rather than from detail reaction steps is more 

practical incases of limited experimental data.  Even though, most of the reactions 

are reversible, the equilibrium balance is heavily on the product sight. In such 

cases the reaction can be assumed as irreversible. In such case, the overall re-

action can be expressed as the reaction rate -rA of component A direct correlation 

with initial components A and B concentrations.  The correlation link is most typi-

cally expressed as power law, where the exponents 𝛼 and 𝛽 reaction order in 

respect to each component [25]. Therefore, the power law model does not require 

any detail reaction mechanisms proposals [33] and the method with the first order 

reactions assumption is used as initial attempt to explain the reaction rate law of 

the experimental data [34].  

 

 
𝑟𝐴 = 𝐶𝐴

𝛼𝐶𝐵
𝛽

 
 

(1) 

 

Furthermore, other alternative is LHHW- model which takes into account elemen-

tary and non-elementary reactions with the quasi- steady state method. Example 

Rate equations for LHHW Eq. (2) and (3) are derived below assuming the surface 

reaction being the rate determining step where R is reaction rate, 𝑘+ reaction rate 

constant for the product formation, −𝑘− is reaction rate constant for backward 

reaction, 𝐾𝑖 is equilibrium constant,𝑐𝐴,𝑐𝐵  are concentration of the feed compo-

nents A, B and 𝑐𝐶 concentration of the product C. The below rate equation r ex-

ample for LHHW reaction mechanism is derived from surface reaction step, 

where the reactants A* and B* adsorbed in the surface reacts into C* product.  
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 𝑅 = 𝑘+𝑐𝐴 ∗ 𝑐𝐵 ∗ −𝑘−𝑐𝐶 ∗ 𝑐∗ 
(2) 
 

 
 

  

   
 

where 𝑖 = 𝐴, 𝐵, 𝐶, 𝑎𝑑𝑠𝑜𝑝𝑟𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑑𝑒𝑠𝑝𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 𝑞𝑢𝑎𝑠𝑖 − 𝑠𝑡𝑒𝑎𝑑𝑦          

 

 𝑟 =
𝑘+2𝐾1𝑐0 [𝑐𝐴𝑐𝐵 − (

𝑐𝐶

𝐾
)]

1 + 𝐾1𝑐𝐴
 (3) 

 

However, LHHW model based  heterogeneous reactions the rate laws  are  more 

challenging to deduct  from the experimental data due to complex reaction mech-

anisms [25]. 

2.7.3 Mass transfer in heterogeneously catalyzed three-phase reac-
tions 

 

The mass transfer of components in three phase reactors can occur in three 

places, namely at the  gas-liquid interphases, inside gas and liquid films and at 

liquid-solid catalyst interphase [35]. Mass transfer is assumed to occur according 

to film theory where catalyst particles are surrounded by stagnant thin liquid film 

𝛿𝐿𝑖 and at gas-liquid interface 𝛿𝐺𝑖 existing both on gas and liquid side [36]. The 

Driving force of the mass transfer flux trough the films is concentration gradient 

∆𝐶 according to Fick's law 𝐽𝐼 shown in Eq. (4) where molecular diffusivity Di of a 

component divided with film thickness ∆𝑥𝑖. Furthermore the mass transfer coeffi-

cient in liquid gas interphase kLi and liquid gas interphase kGi can be calculated 

as displayed in Eq. (5) and (6) [36]. Possible liquid-solid catalyst interphase i.e. 

external mass transfer limitations can be experimentally minimized by varying the 

flow whereas internal mass transfer inside the catalyst can be minimized with 

catalyst particle size.  

 

 𝐽𝐼 =
𝐷𝑖
∆𝑥𝑖

∆𝐶 (4) 

   

 𝑘𝐿𝑖 =
𝐷𝐿𝑖
𝛿𝐿𝑖

 (5) 

 𝑘𝐺𝑖 =
𝐷𝐺𝑖
𝛿𝐺𝑖

 
(6) 
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The existence of internal and external mass transport limitations in the catalyst 

can be evaluated with calculations based on experimental data [37]. The effect 

of internal mass transfer limitations can be illustrated with Thiele modulus ∅ as 

displayed in Eq.(7) [25] .where kc is mass transfer coefficient, Rn radius of the 

catalyst, CAS surface concentration and De internal diffusivity. In case the internal 

effectiveness is high and thiele modulus value is low it means that internal mass 

transfer is not the reaction rate determining step. The Thiele modulus values de-

pend on the reaction order. There are no internal diffusion limitations for 0 order 

reaction if the modulus is less than 6, for 1 order if the modulus is less than 1 and 

for 2 orders if the modulus is less than 0.3. Furthermore, with experimental data 

and Weisz-Prater criterion Eq.(8) where 𝜂 is internal effectiveness factor, the ex-

istence of internal mass transfer limitations can be studied [37] If  its value is less 

than 1 no internal diffusion limitations exist [25].  

 

 ∅𝑛
2 =

𝑘𝑐𝑅𝑛
2𝐶𝐴𝑠
𝑛−1

𝐷𝑒
 (7) 

 

 𝐶𝑊𝑃 = 𝜂∅1
2 =

−𝑟′𝐴(𝑜𝑏𝑠)𝜌𝑐𝑅
2

𝐷𝑒𝐶𝐴𝑠
 (8) 

 

 

External mass transfer limitations from liquid film to catalyst surface can be esti-

mated with Mears criterion (MR) Eq.(9) [25]. The criteria takes into account the 

observed experimental reaction rate −𝑟𝐴
′(𝑜𝑏𝑠), density of the catalyst 𝜌𝑐,radius of 

the catalyst particle Rn, rate constant of the mass transfer kc and bulk concentra-

tion of component CAB  If the MR result is less than 0.15 there is no external mass 

transfer limitations. [38] 

 

 𝑀𝑅 =
−𝑟𝐴

′(𝑜𝑏𝑠)𝜌𝑐𝑅𝑛

𝑘𝑐𝐶𝐴𝐵
 (9) 

2.7.4  Reactor design and mass balances for heterogeneously cata-
lyzed three-phase reactions 

 

In three-phase reactors liquid and gas phases can be present in the feedstock 

and in the product in addition to a solid phase catalyst. Depending on the reaction 

conditions and catalyst particle size the main reactor designs used in three-phase 

reactions are slurry reactor where the catalyst is in powder form and fixed bed 
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reactor where catalyst particles are in pellets or other form. [29] Different reactor 

configurations have characteristic flow depending on the flow rates of the liquid 

and gas phases as displayed in Figure 4 [36]. A fixed bed reactor where the feed 

is co-currently downwards curving flow ratio of liquid and gas as displayed in Fig-

ure 4. through the catalyst is called trickle flow reactor [36],[21]. This is important, 

since the flow behavior inside the fixed bed affects the mass transfer  [36]. 

 

 

 
 

Figure 4. Flow regime areas based on liquid gas flow ratio inside the fixed bed 
reactor [36]. 
 

In practice, when modeling three phase reactor with fixed bed, there is an as-

sumption that the catalyst particles are wetted with the liquid phase. Therefore, 

liquid and solid catalyst particles are considered to be one phase. This assump-

tion allows the use of one dimensional pseudo-homogeneous plug flow model, 

where radial concentration gradient is neglected [37]. Furthermore, since solid 

particles are assumed to be part of liquid phase external mass transfer between 

the phases have been neglected [60]. Therefore, mass transfer at liquid-gas by 

the molecular diffusion as displayed in Figure (5) is assumed to take place.[40] 

The gas flow is kept constant and can be considered also as a plug flow, which 

also means that the radial dispersion effects can be neglected [38].  

 



25 

 

 
Figure 5.The gas liquid interphase (Modified from Ref. [40]).  
 

This is commonly done practice when modeling and simulating three-phase re-

actors [39].Therefore, the proposed mass balance equation of the fixed bed re-

actor model shown for liquid phase in Eq.(10) where 𝑉0𝐿̇  is reactor volume of the 

catalyst filled area and 𝜏 is the space time function, 𝑁𝐿
𝑏𝑎𝑣 is component flux in 

gas interphase and 𝑁𝐿𝑆
𝑏 𝑎𝑝 is component flux in liquid interphase. 

 
𝑑𝑛�̇�
𝑑𝜏

= (𝑁𝐿
𝑏𝑎𝑣 − 𝑁𝐿𝑆

𝑏 𝑎𝑝)𝑉𝑅 (10) 

 

Similarly, gas phase mass balance equation is displayed in Eq. (11) 

 

𝑑𝑛�̇�

𝑑𝜏
= −𝑁𝐿

𝑏𝑎𝑣  (11) 

 

 which is also based on the component fluxes in liquid and gas interphase as 

displayed in Eq.(12) and liquid interphase as displayed in Eq.(13)  [38].  

 

 𝑁𝐿𝑖
𝑏𝑎𝑣 =

𝑐𝐺𝑖
𝑏 − 𝐾𝑖𝑐𝐿𝑖

𝑏

(
𝐾𝑖

𝑘𝐿𝑖
) + (

1

𝑘𝐺𝑖
)

 (12) 

 
 
 

 

 
𝑁𝐿𝑆𝑖𝑎𝑝 = 휀𝐿𝜌𝑐𝑟𝑖 

 
(13) 

 

In above equations, kGi and kLi are mass transfer coefficients in gas and liquid 

phases, Ki is gas-liquid equilibrium constant, av and ap are volumetric areas, cGi 

and cLi  are concentration of component i in gas and liquid phase, a and b are 
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power numbers of concentrations, 휀𝐿 is porosity of catalyst  and the +/- sign before 

the equations indicate the flow pattern of the reactor, weather it is co-current or 

countercurrent.   

 

Whereas the interfacial area (av) between the gas and liquid phase is described 

displayed in Eq. (14) with the ratio of area occupied by the component in liquid 

and gas phase 𝐴𝑔𝑎𝑠−𝑙𝑖𝑞𝑢𝑖𝑑 divided with reactor volume VR. Furthermore, equilib-

rium constant Ki is calculated with concentration ratio of component in gas and 

liquid as illustrated in Eq. (15).  

 

 𝑎𝑣 =
𝐴𝑔𝑎𝑠−𝑙𝑖𝑞𝑢𝑖𝑑

𝑉𝑅
 (14) 

 

 𝐾𝑖 =
𝑐𝐺𝑖
𝑠

𝑐𝐿𝑖
𝑠  (15) 

 

 

2.7.5 The relationship between chemical equilibrium and thermody-
namics 

 

 The thermodynamic equilibrium constant of chemical equilibrium is determined 

by activities of reacting components. Activity a of component i can be expressed 

as ratio between fugacity of the component 𝑓𝑖 and standard state fugacity of the 

component 𝑓𝑖
0
 as shown in Eq.(16) for such, equilibrium constant (K) can also be 

calculated from activity coefficient as shown in Eq.( 17) [22]. 

 

 𝑎𝑖 =
𝑓𝑖

𝑓𝑖
0 (16) 

 

 

 𝐾 =
𝑎𝐶
𝑐
𝑎⁄ ∗ 𝑎𝐷

𝑑
𝑎⁄

𝑎𝐴 ∗ 𝑎𝐶
𝑏
𝑎⁄

 (17) 

                                                                                                            

 

While kinetics describes the speed of reaction rate, the thermodynamics dictate 

how far the reaction can go and what reactions occur. If the value of K is large, 

there is no need to consider equilibrium constant because the reaction is as-

sumed to be irreversible. In case of reversible reaction, the equilibrium constant 
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must be considered in rate equations. With the equilibrium constant K the reaction 

boundaries can be determined [22].  

 

Temperature and Gibbs free energy effects on the chemical reactions. As seen 

from Eq. (18). The equilibrium constant of the reaction is affected by both. [27] 

With the calculations of Gibbs free energy it is possible to obtain thermodynamic 

equilibrium constant as a function of temperature. Equilibrium conversion in the 

system can be calculated. [39] Enthalpy and Gibbs free energy values of compo-

nents are typically given at temperature of 25o C/ 0. [27] 

 𝐾 = 𝑒
−∆𝐺0
𝑅𝑇  (18) 

 

Furthermore, K can can also be expressed as thermodynamic equilibrium KT 

Eq.(19) as ratio between fugacity coefficients in liquid 𝜙𝑖
𝐿 and gas phase 𝜙𝑖

𝐺 com-

pounds i Therefore, there is apparent link between equilibrium and thermody-

namic property [40].   

 

 𝐾𝑇 =
𝜙𝑖
𝐿

𝜙𝑖
𝐺  (19) 

 

The dependency of the reaction rate on temperature can be described with Ar-

rhenius equation Eq. (20) Where k is a specific elementary steps reaction rate 

constant and temperature tends to have strong impact in it. Activation energy (Ea) 

and the pre-exponential term (AE) can be determined by measuring the reaction 

rate at different temperatures. It can be determined by linear regression after lin-

earization of Arrhenius equation. [25] 

 

 k(T) = 𝐴𝐸 ∗ 𝑒
−𝐸

𝑅𝑇 (20) 

 

 

2.7.6 Thermodynamic considerations in APR  

 

Gibbs free energy can be utilized to evaluate whether the below general aqueous-

phase reforming of oxygenated hydrocarbons displayed in Scheme (13) where n 

and y are stoichiometric numbers is thermodynamically favorable. In practice this 
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can be done by assessing Gibbs free energy as a function of temperature as 

shown in Figure.(6) [15].   

 
Figure 6. Gibbs free energy/ Logarithm of vapor pressure as function of temper-
ature [15]. 
 
 

 𝐶𝑛𝐻2𝑦𝑂𝑛 ↔ 𝑛𝐶𝑂 + 𝑦𝐻2  
 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2  

 

Scheme 13. General APR and WGS. 
                                                                                                                 

The alcohols with carbon and oxygen ratio 1 to 1 such as methanol, ethylene 

glycol and sorbitol are thermodynamically more feasibly to be reformed into H2 

and CO at lower temperature (~ 227°C or above) compared to alkanes that have 

same number of carbon atoms which require higher temperature than 402°C. 

Furthermore, CO reaction into H2 and CO2 via WGS is also feasible at lower tem-

peratures.  Figure (5) also illustrates logarithm of vapor pressure of these oxy-

genates with C:O ratio to 1:1 as function of temperature and it indicates that lower 

temperature can be applied when reforming in liquid phase [15]. Reforming in gas 

phase requires almost 600°C compared to liquid phase, which can be conducted 

at 200°C degree lower temperatures [15].  
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2.8 Estimation of kinetic parameters 

 

The process of developing kinetic model parameters such as reaction constants 

computationally consist of several steps as shown in below Figure (7) [28] .The 

experimentally measured and kinetic model calculated concentrations are used 

for parameter estimation as will be discussed and these parameters can be ap-

plied for simulations to be used in reactor design. If the derived mechanistic 

model is too complicated to be solved by analytical method, parameter estimation 

software is utilized for solving them. However, to develop a model that describes 

the reaction mechanism and to solve the unknown and kinetic parameter is chal-

lenging and typically, the first assumption is not the right one due to over simpli-

fication. Therefore, the process according to Figure (7) is required to find right a 

model, that represents the reaction. [28] In this chapter, first we will go through 

the classical methods of obtaining kinetic parameters from experimental data and 

after that the reactor models based on ordinary differential equations (ODEs) and 

finally the parameter estimation methods.       

  

 
 

Figure 7. Parameter estimation process in kinetic modeling (Modified from Ref  
[28]).  
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2.8.1 Differential method to calculate kinetic parameters from exper-
imental data 

 

As mentioned in literature review, initial kinetic parameters such as reaction rate 

constant and activation energy can be assumed or obtained from experimental 

data. Differential method is one of the two most dominant method used in calcu-

lation of the rate constants from experimental data [40]. This method is suitable 

when reaction rate is unknown and different rate expressions are tried to explain 

experimental data.  Therefore, this method is suitable when screening initial ex-

perimental data to find suitable rate fit. [28] For first order reaction as displayed 

in Eq.( 21) initial reaction rate constant can be estimated from experimental data 

with the concentration differences between initial concentration cA0 and after the 

reaction concentration cA as displayed in Eq.( 22) [28].  

                                                                                                             

 
𝑑𝑐𝐴
𝑑𝑡
= 𝑟𝐴 = −𝑘𝐴𝑐𝐴 (21) 

 

                                                                                     

 (
𝑐𝐴
𝑐𝑜𝐴
)
𝑡=(

𝑡𝑖−𝑡𝑖−1
2

)

=
𝑐𝐴(𝑡𝑖) − 𝑐𝐴(𝑡𝑖−1)

𝑡𝑖 − 𝑡𝑖−1
 (22) 

 

2.8.2 Integral method to estimate kinetic parameters from experi-
mental data 

 

Integral method is the second most prevailing estimation methods of deducting 

kinetic and thermodynamic parameters from experimental data [40].  This method 

tends to give more accurate results due to the analytical integration of reactor 

mass balance and therefore, suppressing experimental scattering [28]. In this 

method mass balance equation is integrated in order to determine the rate con-

stant of the rate equation as illustrated below for irreversible and elementary re-

action of A component reacting to product as first-order rate equation displayed 

in  Eq.(23) and (24)  is integrated into form Eq.(25).[28]  Generally, this method 

is suitable when the mass balance coupled with the rate equation can be easily 

integrated analytically [40]. 
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 𝑟 = −𝑘𝑐𝐴 (23) 
  

 
𝑑𝑐𝐴
𝑑𝑡
= −𝑘𝑐𝐴 (24) 

 

 −∫
𝑑𝑐𝐴
𝑑𝑡
= 𝑘∫ 𝑑𝑡

𝑡

0

𝐶𝐴

𝐶0𝐴

 (25) 

 

 −𝑙𝑛 (
𝑐𝐴
𝑐𝑜𝐴
) = 𝑘𝑡 (26) 

 

 

For first order reaction the experimental points plotted of −𝑙𝑛 (
𝑐𝐴

𝑐𝑜𝐴
) versus kt 

should be linear slope which is equal to k value as displayed in Eq.(26). [28] 

 

2.8.3 The solution of ODEs 

 

The model predicted concentration values of the kinetic model, which will be com-

pared to experimentally gained concentrations are obtained by solving the mass 

balance equation of the model. The mass balances of many reactor types can be 

described with sets of ordinary differential equations (ODE) [41]. In case there is 

only first derivatives i.e power to 1 the ODE is first order and higher power than 

that it is higher-order ODE [42]. In this section, we will review typical methods that 

are used in chemical engineering for first order ODE such as Runge-Kutta 

method. The method is built on Euler method, which is simple first order numeri-

cal estimation for ODE solutions [43]. Below is example first order differential Eq. 

(27) where y is unknown function and x is variable. Furthermore, initial conditions 

Eq. (28) which is solved with Runge-Kutta method.  

 

 
𝑑𝑦

𝑑𝑥
= 𝑓(𝑦, 𝑥) (27) 

 

 

 𝑦 = 𝑦0 𝑎𝑡 𝑥 = 𝑥0 (28) 
 

 

Runge-Kutta methods are iterative analytical analysis that can be explicit or im-

plicit [43].  In explicit Runge-Kutta method the solver calculates a later concen-

tration with the current time concentration. Explicit method is simple and easy to 

apply, however the time steps needs to be small Whereas, in implicit method the 
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solver utilizes the current and later concentration in the calculations [44]. Further-

more, implicit method requires more calculations, however the time steps are not 

restricted as in previous method [44].  Runge-Kutta method for solving first order 

reactions is similar to above mentioned Euler method which is used for obtaining 

approximated solutions of ODEs [45]. The method is based on using more steps 

in the time span ∆x  of the reaction. This method can be described as displayed 

in Eq.(29) where a certain incensement kx in  the previous concentration yn  is 

dependent on the taken time step ∆x, on derivatives of concentration as function 

of time f and all previous increasements∑ 𝑎𝑖𝑙𝑘𝑙
𝑖
𝑙=1 where 𝑎𝑖𝑙 is reaction specific 

coefficients [28]. Furthermore, next model predicted concentration  yn+1  is from 

previous concentration at certain time with the increasement as illustrated in 

Eq.(30) [45].  

 

 𝑘𝑥 = ∆xf(𝑥𝑛, 𝑦𝑛 +∑𝑎𝑖𝑙𝑘𝑙

𝑖

𝑙=1

) (29) 

 

 

 
𝑦𝑛+1 = 𝑦1 + 𝑘𝑥 
 

(30) 

 

yn+1 is usually given explicit terms which means after first derivatives the equa-

tion advances with an interval of steps h [43]. This implies that the step h errors 

can be large. Therefore, in case where yn+1 must  have smaller step errors in order 

to make it more stable, implicit method which restricts the steps to known limits 

are utilized [43]. In order to solve stiff differential equations i.e when small time 

steps are required for solving equation the implicit method is applied. This re-

quires re-arrangement of the equations into nonlinear algebraic equations which 

is further developed with Taylors method. This modified version of Runge-Kutta 

method is called from semi-implicit Runge-Kutta method [28].  

 

2.8.4 Regression analysis for parameter estimation 

 

The Regression analysis is useful tool to determine the unknown parameters of 

the proposed kinetic model with the use of experimental data. The regression 

analysis can be utilized to find for the kinetic model function (f) displayed in  
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Eq. (31) most suitable parameter (p) together with independent variable (x) to 

produce dependent variable (y) which value is compared with the experimental 

data. A Typical y variables are concentrations, x is time and  p is rates or equilib-

rium constants [40].  

 

 𝑦 = 𝑓(𝑥, 𝑝) (31) 

 

The regression analysis used for the estimation of kinetic parameters as dis-

played in Eq.(32) consist of objective function (Q) which is the sum residual 

square difference between experimentally gained concentration yi and model pre-

dicted concentration 𝑦�̂� , which is gained from model function (f) whereas (wi) is 

the weight factor of experimental points and Furthermore, the sum residual 

square is minimized using Levenberg- Marquardt method. [40] Usually, when ex-

perimental data is available experimental specific weight factor can be deducted 

from the data [28].  

 

 𝑄(𝑓) =∑𝑤𝑖[𝑦𝑖 − 𝑦�̂�)]
2

𝑛

𝑖

 (32) 

 

                                                                 

In case there is only one independent variable and weight factor is equal to 1 

objective function can be simplified into Eq. (33). 

 𝑄(𝑓) =∑(𝑦𝑖 − 𝑦�̂�)
2

𝑛

𝑖

 (33) 

 

2.9 Simulation of reactor concept  

 

A Good and detailed reactor design is based on a kinetic model gained from ex-

perimental studies and meaningful simulations that are done in different scenar-

ios and conditions. Only then, can the reactor types evaluated and right one cho-

sen among them. [28] This chapter presents the steps required to propose a suit-

able reactor model for APR of FT derived water fractions. 
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2.9.1 Thermodynamic property method  

 

Choosing the right thermodynamic property method to estimate pure and mixture 

component properties in the studied conditions is important in order to success-

fully simulate the process. There are different kinds of property methods that are 

suitable for different kind of chemical systems in flowsheet simulation programs. 

These property methods contain different equation sub-methods that calculate 

thermodynamic properties with phase equilibrium and enthalpy calculations being 

the most important ones. The property methods are divided into two main cate-

gories: Equation of State (EOS) models and Activity coefficient models [46]. 

Soave-Redlich Kwong (SRK) property model shown in Eq.(34) can be used in 

prediction of gas-liquid systems behaviors, however due to overestimation of the 

molar masses, the density prediction of liquid is underestimated [47]. 

 

 
𝑃 =

𝑅𝑇

𝑉 − 𝑏
−

𝛼𝑎

𝑉(𝑉 + 𝑏)
 

 
(34) 

 

 In order to calculate SRK model temperature T of the system, gas constant R, 

molar volume V, correlation for attractive potential of molecular a, attractiveness 

term in original Redlich Kwong equation 𝛼 and volume correlation constant b are 

required. Therefore, some of the previous aqueous-phase reforming studies, 

EOS based thermodynamic property model of Peng-Robinson (PR) illustrated in 

Eq.(35) has been utilized due to models simplicity and adequate presentation of 

pressure/temperature dependency and phase composition prediction of the bi-

nary or multicomponent systems[48],[49]. 

 

 𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎

𝑉(𝑉 + 𝑏) + 𝑏(𝑉 − 𝑏)
 (35) 

 

 

 The PR is appropriate thermodynamic model for high pressure liquid-gas phase 

systems and the calculations of phase equilibriums. Furthermore, the PR model 

predicts liquid phase densities more accurately compared to other EOS based 

Soave-Redlich-Kwong model [50]. In practice, PR models consist of pure com-

ponent prediction part and a represents intermolecular attraction forces and b is 
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dependent on the size of the component’s molecule. Furthermore, parameters a 

and b in critical conditions can be expressed as Eq.(36) and (37).[49]  

 

 𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝛼𝑎

𝑉(𝑉 + 𝑏)
  

 

 

 𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎

𝑉(𝑉 + 𝑏) + 𝑏(𝑉 − 𝑏)
  

 

 

 𝑎 = 0.45724
𝑅2𝑇2𝑐
𝑃𝑐

 (36) 

 

 

 
𝑏 = 0.07780

𝑅𝑇𝑐
𝑃𝑐

 

 
(37) 

 

2.9.2 Reactor types  

 

Flowsheet simulation software typically offer different reactor models from simple 

model based on e.g. chemical equilibrium calculations to more rigorous models 

where the reaction kinetics can be implemented. [51] This chapter presents pos-

sible reactor models for APR studies in flowsheet simulators. 

 

In case only reaction stoichiometry is known without knowledge in kinetics stoi-

chiometric reactor in Figure (8) is suitable. The reactor requires stoichiometry and 

conversions of the reactions. Other reactor model with input requirements is yield 

based reactor which calculates outlet composition based on the yield. [51] 

 
Figure 8. Stoichiometry reactor model [51]. 
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Equilibrium reactor as illustrated in Figure (9) is reactor type that is suitable in 

cases of reaction equilibrium occurring with one or more reactions in the system. 

The use this model requires known reaction stoichiometry for the model to calcu-

late equilibrium and chemical reactions with both vapor and liquid product 

streams. Also, the composition of the fed into the model has to be defined. After 

this the model will simulate and generate results based on chemical equilibrium 

calculations that are based on minimization of Gibbs free energy.[51]  

 

 
Figure 9. Equilibrium reactor model [51].    
 
For more rigorous and demanding studies, plug flow reactor model would be 

more appropriate.  This model requires detail information on the kinetics of the 

reaction. The information of the reactions such as reaction order, equilibrium and 

adsorption coefficients are fed into the system. Furthermore, catalyst specifica-

tion can be given if the rate of reaction is presented in weight catalyst [51]. To 

simulate with plug flow model, the reactor size specification is required. Further-

more, if the catalyst mass and porosity or density is known this information can 

also be included in the reactor.   

 

Generally, in chemical industries plug flow reactors are widely used for reforming 

reactions [52].Therefore, simulating with plug flow model, which enables detail 

information input of the APR could provide more realistic results. The perfor-

mance of reaction models are evaluated on their conversion and product 

flowrates compared to the experimental data [25]. The reactor model, which pre-

diction on those two chosen parameters are realistic is chosen.  
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2.10 Summary of the literature review   

 

FT-derived water is diluted organic waste stream that is challenging to treat with 

currently available technologies. The amount of organic content is between 3 %-

10 % with the composition of mainly alcohols. The alcohol and overall organic 

composition in FT water depend on the operational conditions of the FT-process 

that generated them. Among the traditional FT water treatment methods, the APR 

method could offer an alternative treatment and upgrading method for diluted or-

ganic wastewaters if further developed from current lab scale into industrial scale.  

In order to successfully commercialized the APR of diluted organic waste streams 

into valuable chemicals, the reaction mechanisms of the process have to be stud-

ied for the development of appropriate reactor design. 

 

The resent studies on kinetic modeling of APR uses single model feedstock com-

pound to describe overall APR of organic waste stream. Furthermore, the studies 

ignore the molecular diffusion of occurring on interphases of the gas-liquid sys-

tem. The reaction mechanisms are proposed based on experimental data and 

previous literature knowledge. The proposed reaction mechanism can be based 

on rigorous LHHW model, where main 3 reaction steps are taken into account. 

However, in case of insufficient experimental data on detail reaction mechanism 

behavior, the power law model, which takes into account overall reactions can be 

applied for reaction mechanism and rate proposal.   

 

The APR reaction takes place in fixed bed reactor with the presence of 3 phases. 

However, when practically developing kinetic modeling for fixed bed reactor, 

there is pseudo-homogeneous assumption made, which simplifies the APR reac-

tion into liquid-gas system. Furthermore, the absence of internal and external 

Mass transfer limitations can be estimated using experimental data and empirical 

equations. The equilibrium constant should be estimated with appropriate method 

for the mass balance equation of the fixed bed. The Proposed kinetic model can 

be estimated with regression analysis and with the provided experimental data. 

The kinetic parameters obtained from the kinetic model can be used for reactor 

concept examination. In order to have meaningful evaluation of reactors the right 

thermodynamic property model should be selected for the feed.  EOS model such 

as Peng-Robinson method have been noticed to work for APR simulations. There 
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are three types of reactor that could be used for APR studies in simulation there-

fore, the next chapter presents development of a kinetic model with mass transfer 

phenomena at interphases for FT derived water fractions and evaluation of the 

candidate reactors.  
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3 Materials and Methods  
 

The purpose of this thesis was to develop a kinetic model with pseudo-homoge-

neous plug flow assumptions and based on power law for the APR of FT derived 

water fractions: methanol, ethanol, propanol and butanol. Furthermore, as-

sessing suitable reactor models for APR of the derivatives by simulations was 

also part of this thesis. This chapter presents the equipment and methods used 

for the development of a kinetic model and reactor simulations. Furthermore, this 

chapter explains the basis of mass transfer estimation calculations and compu-

tational processes of MATLAB and flowsheet simulator Aspen used for parameter 

estimation and simulation of reactor concept. The calculation examples relating 

this section are given in the Appendix A.  

 

3.1 Experimental data and the equipment  

 

The laboratory experiments were conducted at Aalto University’s catalysis labor-

atory. The experiments where done with FT water sample containing 3.35 % of 

organic compounds shown in Table (3) with 2.65 % of main alcohols marked in-

side the red rectangle and generated in FT operation conditions of 230°C–240°C 

and pressure around 20 bar. The FT water sample was provided by VTT from 

their Mobile Synthesis Unit (MOBSU). The experiments where conducted in a 

laboratory size tube reactor with 1.5 cm diameter and 0.7 cm length inside an 

oven bed. The reactor contained fixed bed of 1.5 g nickel-based catalysts parti-

cles with sizes of 200-300 microns. In addition, gas phase N2 was fed along with 

the liquid feed as a carrier gas and internal standard. The experiments were con-

ducted in 6 hours and three different temperatures of 210°C, 220°C, 230°C and 

in pressures of 32 bar and 45 bar.  The feeding flowrate of the liquid solution was 

varied between1, 2 and 5 mL/min. After the reactor, separation of products into 

gas and liquid phases was done as displayed in Figure (10). The composition of 

liquid and gas products were analyzed with gas chromatography (GC).  
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Table 3. Composition of the FT derived water provided by Aalto university. 
 

Compound wt.-% 

Acetaldehyde 0.10 

Proponalde-

hyde 0.08 

Acetone 0.06 

MeOH 0.67 

EtOH 0.98 

1-propanol 0.43 

1-butanol 0.28 

1-pentanol 0.29 

1-hexanol 0.26 

Acetic Acid 0.07 

1-Heptanol 0.13 

Water 96.65 

 

 

 
 

Figure 10. Simplified scheme on APR of FT derived water fractions (Modified ref, 
[16]). 
 

 

3.2 Reactions included on the kinetic model  

 

The reaction pathways are proposed based on the literature information and pro-

vided experimental data. Due to the large number of organic compounds in the 

feed, only the simultaneous reforming reactions of alcohols were considered in 

the model to make simple but rigorous reaction pathway model. This is possible 

assumption since the alcohols have higher concentration in the feedstock com-

pared to the rest of organic compounds such as acetic acid. The 4 main alcohols 
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in the feedstock, are namely methanol, ethanol, propanol and butanol. Therefore, 

the APR of these alcohols into main gaseous products H2 and CO was proposed 

as shown in Scheme (14) Furthermore, WGS reaction occurs, where CO with 

H2O is assumed to further react into CO2 and H2 because of the favorable oper-

ational temperature range was taken into account. As mentioned in the literature 

review, alcohols with C: O ratio 1:1 such as methanol is expected to have high 

input into gaseous product formation of H2 and CO compared to rest of the alco-

hols.  

(1) Methanol full reforming: CH3OH (l)  
H2O
↔   CO (g) + 2H2 (g)             

(2) Ethanol full reforming: C2H5OH (l) + H2O(l)   ↔   2CO (g) + 4H2 (g) 
(3) 1-Propanol full reforming: C3H7OH + 2H2O (l)   ↔   3CO (g) + 6H2 (g)    
(4) 1-Butanol full reforming: C4H9OH + 3H2O (l)   ↔   4CO (g) + 8H2 (g)    
(5) Water gas shift: CO (g) + H2O (l) ↔   CO2(g) + H2 (g) 

 

Scheme 14. Reactions included in the kinetic model. 
 

3.3 Reaction mechanism and kinetics  

 

In the literature review of this research, LHHW was defined as the most widely 

used mechanistic model for heterogeneously catalyzed reactions. Therefore, at 

beginning the LHHW model was applied in development of the kinetic model of 

APR of alcohols. However, the reactions were quite many and the application of 

LHHW model required detail experimental information on the complex reaction 

steps of adsorption, surface reaction and desorption for all examined alcohol re-

forming reactions. Therefore, more simplistic reaction model of power law was 

selected in order to simplify the simultaneous alcohol reforming reactions into 

more applicable form as displayed in Scheme (15). The k ‘s are reaction specific 

constants and exponents, m and n are partial orders of the reactants and they are 

assumed to be 1 in the study case.  

 

(1) Methanol consumption rate −𝑟CH3OH = 𝑘1𝐶CH3OH 
𝑚  

(2) Ethanol consumption rate −𝑟C2H5OH = 𝑘2𝐶C2H5OH 
𝑚 𝐶H2O

𝑛   

(3) Propanol consumption rate −𝑟C3H7OH = 𝑘3𝐶C3H7OH 
𝑚 𝐶H2O

𝑛   

(4) Butanol consumption rate −𝑟C4H9OH = 𝑘4𝐶C4H9OH 
𝑚 𝐶H2O

𝑛  

(5) Carbon monoxide consumption rate (WGS)−𝑟CO = 𝑘4𝐶CO 
𝑚 𝐶H2O

𝑛  

 

Scheme 15. Proposed power law-based reaction rates for APR and WGS. 
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Rate equations for generation of H2, CO2 and H2O were further proposed with 

following Scheme (16) based on the reaction equations illustrated in Scheme 

(14). 

 

(1) Hydrogen generation 𝑟𝐻2 =2*𝑟CH3OH +4*𝑟C2H5OH +6*𝑟C3H7OH +8*𝑟C4H9OH+𝑟CO  

(2) Carbon monoxide generation 

𝑟𝐻2 =2*𝑟CH3OH +4*𝑟C2H5OH +6*𝑟C3H7OH +8*𝑟C4H9OH+𝑟CO  

(3) Carbon dioxide generation  𝑟𝐶𝑂2 = 𝑅CO  

(4) Water generation consumption −𝑟𝐻2𝑂 = 𝑅C2H5OH +𝑅C3H7OH +𝑅C4H9OH+𝑅CO  

  
Scheme 16. Gaseous product generation of the kinetic model. 
 

3.4    Kinetic model with pseudo-homogeneous assumptions 

 

The kinetic model based on power law, which was derived in previous section 

was assumed to be in pseudo-homogeneous state, where solid catalyst is con-

sidered to be a part of liquid phase. Due to the assumptions, catalyst particles 

are completely wetted and therefore, the external mass transfer  at the catalyst 

particle surface has not been considered. The mass balance equations for the 

reactor model for liquid phase is displayed in Eq. (38) and for gas phase in Eq. 

(39).  

 

𝑑𝑛�̇�
𝑑𝜏

= (𝑁𝐿𝑖
𝑏𝑎𝑣 − 𝑁𝐿𝑆

𝑏 𝑎𝑝)𝑉𝑅 =
𝑐𝐺CH3OH − 𝐾𝐻𝑐𝐿CH3OH

(
𝐾𝐻

𝑘𝐿𝑖
) + (

1

𝑘𝐺𝑖
)

− 휀𝐿𝜌𝑐𝑘1𝐶CH3OH 
𝑚  (38) 

  
  
𝑑𝑛�̇�

𝑑𝜏
= −𝑁𝐿

𝑏𝑎𝑣 =
𝑐𝐺CH3OH

−𝐾𝐻𝑐𝐿CH3OH

(
𝐾𝐻
𝑘𝐿𝑖
)+(

1

𝑘𝐺𝑖
)

  (39) 

 

 

The concentrations of components in gas and liquid phase, such as for methanol 

concentration in gas phase 𝑐𝐺CH3OH ,liquid phase 𝑐𝐿CH3OH and density of the liquid 

𝜌𝑐  displayed in Eq. (38) and Eq. (39) were empirically calculated as shown in 

Appendix. B.Kinetic constant k1 was obtained from experimental data, the molec-

ular diffusion at the gas film was assumed to be fast due to the N2 flux and 

whereas in liquid film it was assumed to be slower . Therefore, gas film coeffi-

cients (kGa) value of 1000 1/s was used whereas for liquid film coefficients (kLa) 
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values of 10-5 1/s were used. The minus sign of the gas phase flux in Eq. (39) 

indicates the flow direction of the gas feed which is concurrent. 

 

 

 

3.5 Equilibrium constant estimation with Van’t Hoff equation 

 

The equilibrium constants KH  for the mass balance equations, shown in previous 

section have been estimated with Henry’s law by applying temperature depend-

ent Van’t Hoff Eq.(40) [53]. The equation consists of enthalpy of dissolu-

tion−∆𝑠𝑜𝑙𝐻,   𝐻𝜃 and 𝑇𝜃  are reference values, that are tabulated. Furthermore, 

data base was utilized for the standard values.  

 𝐻(𝑇) = 𝐻𝜃 ∗ 𝑒𝑥𝑝 (
−∆𝑠𝑜𝑙𝐻

𝑅
(
1

𝑇
−
1

𝑇𝜃
)) (40) 

3.6 Mass transfer evaluation 

 

To evaluate the absence of the internal and external mass transfer limitations in 

the catalyst particles, internal mass transfer limitations was evaluated from ex-

perimental data with Weisz-Prater (WP) criterion that uses Thiele modulus and 

effectiveness factor.  In order to calculated WP criterion, the observed reaction 

rate 𝑟𝐴(𝑜𝑏𝑠)
′   was calculated from experimental data using the differential method 

mentioned in literature review, density of the catalyst 𝜌𝑐 606 kg/m3, catalyst par-

ticle radius R 250 𝜇𝑚, surface concentration cAs was assumed to be same as bulk 

concentration and external diffusivity De is calculated as shown in Eq. (42). Exter-

nal diffusivity is calculated with molecular diffusivity 𝐷𝐴𝐵
𝑜  shown in Eq (41) and 

catalyst porosity 휀 used was 4 and tortuosity 𝜏 𝑤𝑎𝑠 0.5, which is value taken from 

similar commercial Ni/Al2O3 catalyst to the catalyst used in the provided experi-

mental data. 

 𝐷𝐴𝐵
𝑜 =

7 ∗ 10−8(∅𝑖𝑀𝐵)
1
2⁄ ∗ 𝑇

𝜂𝐵𝑉𝐵(𝐴)
0.6 [𝑐𝑚

2

𝑠⁄ ] (41) 
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 𝐷𝑒 = 𝐷𝐴𝐵
𝑜
휀

𝜏
 (42) 

Furthermore, the absence of external mass transfer limitations was assessed with 

Mear’s (MR) criterion [54]. The parameter values to calculate 𝐷𝐴𝐵
𝑜  where dimen-

sionless association factor ∅𝑖 for water 2.6, molecular weight of water 𝑀𝐵18 

g/mol, dynamic viscosity for water 𝜂𝐵0.112, 0.1164 and 0.1112 cP for the three 

reaction temperatures and pressures of 32 and 45 bar. The liquid molar volume 

𝑉𝐵(𝐴)
0.6  for each alcohol were calculated for respective reaction temperatures.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

3.7 Estimation of kinetic parameters from experimental data  

 

The initial kinetic parameters values of kref and Ea used for the kinetic model where 

obtained from experimental data using linearized Eq. (43) of the extended Arrhe-

nius Eq. (41) by integral method. Reforming reactions were assumed to be first 

order irreversible reactions. Furthermore, after obtaining initial parameters for the 

kinetic model, MATLAB was used for regression analysis based on least square 

minimization. The regression analysis was executed using Eq. (44) with the aim 

of minimizing Objective function consisting of experimental concentration and cal-

culated concentration using the Levenberg-Marquardt simplex method.  

 

 k = krefe
Ea
R

1

T (43) 

 

 

 lnk = lnkref −
Ea
R
∗
1

T
 

 
(44) 

 

 

 

3.8 Solving the reactor model with ODEs and comparison with 
experimental data  

 

The liquid and gas phase mass balances of fixed bed reaction model, initial con-

centrations, the reaction conditions and other constant parameters were written 

down on MATLAB function file. The semi-implicit Runge-Kutta algorithm of 
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MATLAB’s ODEs15s was chosen for solving the mass balances forming set of 

ODE equations. This specific algorithm was chosen because the study case sys-

tem consists of several mass balance equations based on differential equations 

being stiff. Mass balance equations were written down in three phase reactor 

model file and then called by the three-phase reactor main file.  Furthermore, the 

main file contains the initial values of kinetic parameters and experimental pa-

rameters. After the ODE15s mathematical solutions has generated model con-

centrations for the two-phase mass balance equations, the results are compared 

with experimental concentration results.  Detailed calculations and values used 

for kinetic modeling are displayed in the Appendix B. 

 

3.9 Reactor simulations 

 

The reactor model comparisons were done by examining plug flow, stoichiometric 

and equilibrium reactor models for APR of oxygenated hydrocarbons into hydro-

gen and carbon dioxide as shown in Figure (11). The plug flow reactor length is 

4 meters and diameter 1.2 meter, with fixed catalyst bed area of 4.5 m3 with 567 

tubes. The tubes are filled with 3700 kg of Nickel based catalyst with aluminum 

oxide support with particle density of 606 kg/m3. Furthermore, alongside the plug 

flow reactor also equilibrium reactor and stoichiometric reactor with similar oper-

ational conditions are simulated to compare the reactors. 

 
Figure 11. APR simulation with three reactor models.  
 

In order to compare the simulation results with provided experimental data the 

simulation is done in flowrates of 0.116 kg/s, 0.334 kg/s and 0.834 kg/s. The 

flowrates, are scaled up from the provided experimental data by utilizing space 
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time 𝝉 as shown in Table (4).  The operation pressures are 32 bar however, for 

45 bar smallest flowrate simulation is excluded due to lack of experimental data 

from that flowrate. The operation temperatures for first pressure are 483 K, 493 

K and 503 K whereas for later pressure the temperatures are 493 K, 503 K and 

513 K.  

 
Table 4. Operation conditions of the reactor simulations. 
 

Flowsexp 
(mL/min) 

𝝉(h)(experimen-
tal) 

Vreactor_mo-

del(m3) 
Flowratemo-

del(kg/s) 
T(K) P(bar) 

1 5.9 4.5 0.166 483 32 

2 2.9 4.5 0.334 493/503 32/45 

5 1.2 4.5 0.834 503/513 32/45 
 

The thermodynamic property model used in this study was PR, since the model 

is more suitable for high pressure and liquid-gas phase systems Furthermore, it 

predicts better than SRK model liquid densities. The performance of reactors is 

estimated with model ability to take into account required details of APR reaction, 

generation of main gaseous products H2 and CO2, and the conversion of the al-

cohols compared to the provided experimental data. The conversion X is calcu-

lated with the differences of molar flowrates of alcohols at the beginning �̇�𝐿0 and 

the molar flowrates �̇�𝐿 after reaction has occurred as shown in Eq. (45). 

 

 
 

𝑋 =
�̇�𝐿0 − �̇�𝐿
�̇�𝐿0

 

 

(45) 
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4 Results 
 

This chapter presents the results of mass transfer limitation calculations, kinetic 

parameter estimation and reactor simulation. The calculation examples are in ap-

pendix A, the kinetic model with pseudo-homogeneous assumption code is in the 

appendix B and detail simulation results are in the appendix C.  

 

4.1 Mass transfer limitation estimation 

 

The pseudo-homogeneous model assumption used in the development of the 

kinetic model neglects internal and external mass transfer limitations. Further-

more, the absence of these limitations were evaluated with the experimental data 

of the flowrates obtained in three different temperatures at the pressure of 32 bar 

in Table (5) and 45 bar Table (6) with Weisz- Prater criterion (CWP). As displayed 

in the Tables, CWP values for all three flowrates are below 1 therefore, indicating 

absence of internal mass transfer limitation. Furthermore, MR values are below 

0.15 all temperatures, operational pressures and flowrates as shown in Tables. 

(5) and (8). indicating the absence of external mass transfer limitations. However, 

as displayed in both tables, methanol and ethanol have lowest CWP and MR values 

in each flowrate since they are more abundant in the streams and higher compo-

nent flowrates inside the stream improves the diffusion of that component 

whereas, other alcohols mass transfer limitations values rise with lower compo-

nent flow they have. The values are nerveless inside the boundaries.   
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Table 5. The calculation results at 32 bar for both flowrates to estimate external 
mass transfer limitations with Weisz-Prater criterion (CWP) for and internal mass 
transfer limitations with Mears criterion (MR). 
 

Component T Cwp Cwp Cwp MR  MR  MR  

Alcohol (K) 1mL/min 2mL/min 5mL/min 1mL/min 2mL/min 5mL/min 

CH3OH 483 0.004 0.01 0.03 0.01 0.02 0.05 

  493 0.007 0.01 0.03 0.01 0.02 0.05 

  503 0.005 0.02 0.03 0.01 0.03 0.05 

C2H5OH 483 0.009 0.01 0.04 0.02 0.02 0.08 

  493 0.012 0.02 0.03 0.02 0.04 0.07 

  503 0.014 0.03 0.04 0.03 0.06 0.09 

C3H8OH 483 0.013 0.02 0.03 0.02 0.04 0.05 

  493 0.024 0.02 0.05 0.05 0.04 0.11 

  503 0.015 0.02 0.04 0.03 0.05 0.08 

C4H10OH 483 0.013 0.01 0.03 0.03 0.03 0.06 

  493 0.016 0.02 0.04 0.04 0.04 0.10 

  503 0.016 0.02 0.04 0.04 0.05 0.10 

 

 

Table 6. The calculation results at 45 bar for both flowrates to estimate external 
mass transfer limitations with Weisz-Pratern criterion (CWP) for and internal mass 
transfer limitations with Mears criterion (MR). 
 

Com-
ponent T Cwp Cwp Cwp MR  MR  MR  

Alcohol (K) 1mL/min 2mL/min 5mL/min 1mL/min 2mL/min 5mL/min 

CH3OH 493 0.001 0.01 0.00 0.00 0.02 0.01 

  503 0.013 0.01 0.07 0.02 0.01 0.12 

  513 0.009 0.02 0.04 0.02 0.04 0.08 

C2H5OH 493 0.003 0.02 0.01 0.00 0.04 0.02 

  503 0.013 0.01 0.06 0.03 0.03 0.13 

  513 0.009 0.03 0.04 0.02 0.06 0.10 

C3H8OH 493 0.001 0.01 0.01 0.00 0.02 0.01 

  503 0.008 0.01 0.04 0.02 0.02 0.08 

  513 0.007 0.02 0.03 0.01 0.03 0.07 

C4H10OH 493 0.007 0.03 0.03 0.01 0.06 0.07 

  503 0.016 0.02 0.08 0.04 0.05 0.11 

  513 0.013 0.03 0.06 0.03 0.07 0.12 
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4.2 Estimated kinetic parameters from experimental data   

 

The estimated kinetic parameters were obtained from experimental data of 2 

mL/min flowrate at 32 bar for the kinetic modeling and for all reactor simulations. 

This flowrate was middle point between 1 and 5 mL/min therefore it was suitable 

as average estimations. Furthermore, kinetic parameters k and EA should be in-

constant, therefore independent on external factors. The rate constant k of each 

alcohol increased with the rise of temperature.  

 

 
 

Figure 12. Linearized Arrhenius plot for the four alcohols at 2 mL/min and 32 bar. 
 
This is due to the temperature dependency of rate to temperature as described 

by Arrhenius equation.  Reaction rates were linearized as a function of 1/T as 

illustrated in Figure (12).  Rate constant kref at reference temperature and activa-

tion energy EA were obtained from the figure are shown in Table (7). The Lower 

activation energy of methanol indicates more likely reforming reaction compare 

to other alcohols.    

 

Table 7. Parameter estimation for first order kinetics obtained from linearization 
of Arrhenius equation for the four alcohols in 2 mL/min flowrate and 32 bar pres-
sure. 

 

Kinetic parameters Methanol Ethanol Propanol Butanol 

EA (J/mol) 288 8304 10338 16678 

kref(m3/g s) 2.4E-08 1.7E-07 3.3E-07 1.6E-06 
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4.3 Estimation of the kinetic model with plug-flow assumptions 

 

The comparison between provided experimental data and the model prediction 

for (a) H2 and (b) CO2 in 2mL/min flowrate and 32 bar operational conditions is 

displayed in Figure (13). As the figures display, H2 and CO2 formation increases 

in experimental data with the rise of temperature. Furthermore, higher formations 

gaseous products are generated in order of the inlet flowrates. The model predic-

tion of experimental gaseous flowrates is inaccurate and requires further optimi-

zation. However, the model prediction describes the overall flowrate trend of CO2 

formation. Furthermore, it can be observed the molar flow rates of the model in-

creases as the temperature increases in agreement with the experimental data.  

 

 
 

Figure 13. The kinetic model fit to the experimental data: (a) Hydrogen and (b) 
carbon dioxide (b) molar flow formation as a function of operation conditions of 2 
mL/min and 32 bar. 
 
Table 8. Parameter estimations of the kinetic model at 2 mL/min and at 32 bar. 
 

Kinetic param-
eters 

Metanol Ethanol Propanol Butanol 

EA(J/mol) 1128 9170 3990 8530 

k(1/m s) 2.83E-06 2.1E-07 7.64E-8 7.2E-08 

 

Model prediction on kinetic parameters are displayed in Table (8).  Increasing the 

flowrate rises slightly rate constants. Reaction constants indicates that, methanol 

and ethanol reforming depending on the flowrates are faster than propanol and 

butanol reforming at both operational pressures.  
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4.4 Reactor simulations  

 

The kinetic parameters for the simulation displayed in Tables (9) are obtained 

from the provided experimental results in molar flow of  2 mL/min and 32 bar. The 

kinetic parameters of WGS reaction are assumed similar to butanol reforming.  

 

Table 9. Kinetics used for simulation of reforming and WGS reactions for 
the simulations at 2 mL/min 32 bar. 
 

 
The three reactor simulation results on H2 generation prediction are displayed in 

Figures (14) and (15) .The experimental results for hydrogen generation are dis-

played in Figure (16) for the comparison purpose.  

 

 
 

Figure 14. (A) Hydrogen production at 32 bar and 0.116 kg/s.(B) Hydrogen pro-
duction at 32 bar and 0.334 kg/s. (C) Hydrogen production at 32 bar and 0.834 
kg/s. 
 

 

Equilibrium model predicts highest hydrogen generation in both operational con-

ditions which are similar in all three temperatures. Stoichiometric model predicts 

half smaller flowrates than equilibrium which are also unaffected by temperature 

decrease. The plug flow model predicts smaller values; however, the temperature 

change has impact on the flowrates as is the case in experimental data. However, 

A B 

C 
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the impact is opposite compared to the experimental data.  Pressure increased 

slightly increases hydrogen generation in all reactor models. 

 

 
 

Figure 15. (A) Hydrogen production at 45 bar and 0.334 kg/s and (B) Hydrogen 
production at 45 bar and 0.834 kg/s. 
 

At higher flowrates all three models predicted more hydrogen generation as is the 

case in experimental data. The generation of hydrogen is in same proportion as 

the increase of flowrate.  

 

 
 

Figure 16. (A) Experimental hydrogen generation at 32 bar and (B) Experimental 
hydrogen production at 45 bar. 
 

The CO2 generation predictions of plug flow and equilibrium reactor are displayed 

in Figures (17) and (18) in comparison to experimental flowrates displayed in Fig-

ure (19). The stoichiometric reactor did not predict CO2 generation. The plug flow 

model predicts lower flowrates than equilibrium model in operation pressure of 

32 bar. Equilibrium model predicts higher CO2 generation in the higher flowrate 

compared to lower flowrate. Increasing the operation pressure to 45 bar enables 

more formation of carbon dioxide in plug model as shown in Figure (18) whereas 

formation levels of equilibrium model the impact is almost non-existent.  Further-

more, plug flow model shows temperature effects on the flowrates in both opera-

tional pressures as is the case on experimental results displayed in Figures (19), 

however the effects are in opposite direction.  

 

A B 

A B 
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Figure 17. (A) Carbon dioxide production at 32 bar and 0.116 kg/s, (B) Carbon 

dioxide production at 32 bar and 0.334 kg/s and (C) Carbon dioxide production 

at 32 bar and 0.834kg/s. 

 

  
 

Figure 18. (A) Carbon dioxide production at 45 bar and 0.334 kg/s and (B) Car-
bon dioxide production at 45 bar and 0.834 kg/s. 
 

A B 

C 

A B 
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Figure 19. (A)Experimental carbon dioxide production at 32 bar and (B) Experi-
mental carbon dioxide production at 45 bar. 
 

 

 

Table 10. The amount of H2 and CO2 in gas phase at 32 bar. 
  

 
 
The phase distribution prediction of PR property model relating to gaseous prod-

ucts at gas phase and in operational pressure of 32 bar are displayed in Table 

(10).  The PR model predicts H2 and CO2 are almost predominately in gas phase 

in plug flow and equilibrium reactor model whereas in the stoichiometric reactor 

PR model predicts no CO2 generation in gas and liquid phase. The absence of 

CO2 also from liquid phase can be seen in detail simulation results at App. C. 

Furthermore, PR model prediction of gaseous products phase distribution in gas 

phase at 45 bar are displayed in Table (11). The results are similar to results in 

32 bar.  

 

A B 
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Table 11. The amount of H2 and CO2 in gas phase at 45 bar. 
 

 
 
 
 

 

The conversion results of plug flow model are displayed in Table (12). The plug 

flow model predicts conversions range of 39 % to 65 % and 28 % to 53 % for 

methanol in 0.116 kg/s and 0.834 kg/s flowrates in 32 bar compared to ethanol, 

propanol and butanol which all have conversion range of 95-100 %. These results 

have similar trend with experimental results displayed in Table (15), where meth-

anol conversion range is 5 % to 9 % and 7 % to 7 % for methanol in 1 mL/min 

and 5 mL/min compared to ethanol, propanol and butanol which all have conver-

sion range of 12 % to 28 %. Increasing pressure from 32 bar to 45 bar increases 

methanol and ethanol conversions in 0.343 kg/s and 0.835 kg/s flowrates to con-

version range of 95 % to 100 %. Furthermore, this result is in comparison with 

experimental result relating 2 mL/min and 5 mL/min at 45 bar, where conversions 

of methanol rises to 14 % and ethanol rises to 23 % at 513 K. However, the scale 

of conversions are much higher in the plug flow model compared to experimental 

results. 

 

 

 

 

 

 

 

 

 

 



56 

 

Table 12. Conversion of the alcohols in plug flow reactor. 
 

 

The conversions in equilibrium reactor as displayed in Table (13) for all alcohols 

is 100%. According to the model prediction operation conditions relating to pres-

sure and temperature doesn’t impact the conversions.  
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Table 13. Conversion of alcohols in equilibrium reactor. 

 

The conversion results of stoichiometric model are displayed in Table (12). The 

stoichiometric model predicts conversions range of 59 % to 65 % and 60 % to 79 

% for methanol in 0.116 kg/s, 0.834 kg/s and 0.334 kg/s flowrates in 32 bar com-

pared to ethanol, propanol and butanol which all have conversion range of 78 % 

to 97 %. These results have also similar trend with experimental results displayed 

in Table (15). Increasing pressure from 32 bar to 45 bar decreases slightly the 

conversion levels of the alcohols. These results are in contradiction with experi-

mental results where increasing pressure has increasing effect on conversion 
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levels of the alcohols.  The scale of conversions is also much higher in the stoi-

chiometric model compared to experimental results. 

 

Table 14. Conversion of alcohols in stoichiometric reactor model. 
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Table 15. Conversion of alcohols in the provided experimental data. 
 

  
 

Experimental conversions of alcohols are displayed in Table (15) for comparison.  

Conversion levels of ethanol, propanol and butanol are higher than methanol at 

32 bar in all three flowrates. Increasing temperature has slightly increasing effect 

on conversions in general in both operational pressures. Furthermore, increasing 

pressure also has elevating impact on conversions in all flowrates. However, in-

creasing pressure from 32 bar to 45 bar degreases conversion of methanol in 5 

mL/min at 45 bar where conversion is 1 % at 483 K.  
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5 Discussion 
 

The FT derived water composition used in the kinetic study was displayed in Ta-

ble (3). The reactions included in the kinetic modeling were the short chain alco-

hols of: methanol, ethanol, propanol and butanol. This approach was done due 

to the large amount of these alcohols in overall organic content in FT water and 

the contribution these alcohols make production of H2 and CO2 generation.  In-

deed, the impact on the alcohols in APR into gaseous products was also noticed 

in studies such as Lidia et al. [48] and Stekova et al. [18]. Therefore, simultane-

ously occurring APR of mentioned alcohols into H2 and CO2 was used to describe 

APR of FT derived water fractions.  

 

The absence of external mass transfer limitations was estimated from the exper-

imental data using CWP criteria as displayed in Table (5). Results indicate, that 

APR of the study case was not controlled by mass transfer. Therefore, the imple-

mentation of pseudo-homogenous plug flow model, which ignored external mass 

transfer was reasonable choice. Furthermore, assessing the experimental data 

with MR criteria’s as displayed in Table (6) indicated also the absence of internal 

mass transfer limitations. Similar results have been obtained on the absence of 

internal mass transfer limitations in similar reaction conditions and catalyst parti-

cle size which are in good correspondence with literatures of reforming and Kirlin, 

et.al [7] for sorbitol reforming where the author used same method in the evalua-

tion of internal mass transfer limitation and concluding absence of internal mass 

transfer limitations inside the Pt/Al2O3 catalyst with particle of 125 𝜇𝑚 whereas 

the particle size of catalyst used in the study was 200-250 𝜇𝑚. Furthermore, Mur-

zin et.al [21] noticed in his xylitol reforming studies the minimal influence of inter-

nal mass transfer in similar operational conditions as in the current work whereas, 

Shabaker et al. [6] in ethylene glycol reforming study had also similar results even 

though his criterion was based on Madon- Boudart test.  

 

Even though, the initial kinetic parameters can be guessed as Salmi et al. [28] 

mentioned, also a good estimations can be obtained with the reactor design and 

Arrhenius equation as displayed in Figure (12) and Table (8) in order to get more 

realistic initial values. Similar approach was made by Kaisalo [55] in her doctoral 
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thesis on tar reforming.  The estimated kinetic parameters where used in the ki-

netic modeling and reactor simulations. 

 

In development of the kinetic model with plug-flow assumptions displayed in Eq. 

(38) and (39), the mass transfer coefficient kLa  inside the liquid film was consid-

ered 1*10-5 1/m*s. Indeed, also Murzin et al. [21] noticed that molecular diffusion 

on liquid film started to effect hydrogen production with kLa value of 1.6*10-2 1/s 

and even smaller values as our current work assumption would affect even more. 

Since large amount of N2 flows through the system which facilitates the molecular 

diffusion of the gases, the gas liquid interface diffusion was assumed to be fast 

therefore, kGi was given large value of 1*105 1/s. Furthermore, the alcohols were 

in liquid phase and only the gaseous product generated in the reforming reaction 

at catalyst surface where in gas phase. This conclusion corresponds with Murzin 

et al. [21] in xylitol reforming studies where the author also neglected it concluding 

that, gas phase reactants such as CO needed to dissolve into liquid first hence 

no reaction occur in gas phase that is contributing to APR.    

 

Furthermore, the kinetic model was assessed by comparison between provided 

experimental molar flowrates of H2 and CO in flowrate of 2 mL/min at 32 bar and 

model prediction as displayed in Figure (13) and kinetic parameter results of the 

kinetic model are further displayed in Table (8). The model prediction of H2 gen-

eration was extremely low with deviation range of 6*10-5 mol/s -15*10-5 mol/s 

lower compared to experimental values. The model prediction of CO2 generation 

expressed overall trend of experimental values however, there was also deviation 

with of 0.5*10-5 – 0.7*10-5 mol/s lower compared to experimental values. The ki-

netic model requires further optimization in order to better fit the experimental 

data compared to model prediction. The power law was used to describe the cat-

alyzed APR reactions of the alcohols displayed in Scheme (15). This approach is 

appropriate when there are multiple reactions to consider and available experi-

mental data is not sufficient for deducting required detail information on reaction 

mechanisms for the use of LHHW model. Similar approach was done in study of 

Kirilin et al. [7] where the author also developed kinetic model based on the power 

law and simplified the reaction pathway to include sorbitol intermediates that gen-

erate main gaseous products. 
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The simulation results of all three reactors on H2 and CO2 flowrates were shown 

in Figures (14)-(15) and in Figures (17)-(18) compared to experimental results, 

which were also displayed in Figures (16) and (19). Increasing temperature in 

both operations pressure increased reaction rate constants of alcohol reforming. 

Temperature increase of 10 K from 483 K to 503 K at 32 bar and from 493 K and 

513 K at 45 bar does not have significant effect on the k values of the provided 

experimental data with the exception of butanol reforming. These results are in 

line with the observation made by Shabaker et al. [15]. This is understandable as 

the temperature differences is rather small and all of the temperatures were cho-

sen from small range area.  

 

 Furthermore, the increase of flowrates increases the generation of gaseous 

products. Similar behavior is seen in the experimental data, therefore all models 

predict that aspect well. As shown in Figure (14) the H2 molar flowrate prediction 

of the equilibrium model for example at A case is constantly 5*10-4 kmol/s and 

stoichiometric reactor model flowrate predictions is also constantly 1.5*10-4 

kmol/s at all temperatures. These models did not change at temperature increase 

as should be the case compared to experimental data displayed in Figure (16). 

Whereas, in the plug flow model the H2 flowrate prediction is impacted by the 

temperature as can be seen for example in Figure (14) and A case, where tem-

perature increase drops the flowrate from 3*10-4 kmol/s at 483 K to 2*10-4 kmol/s 

at 503 K.  Higher operational pressure of 45 bar did not impact H2 flowrate pre-

dictions of the reactor as can be seen in Figure (15). 

 

 The Simulation results relating to phase distribution of gaseous products are pre-

sented in Tables (10) and (11). The results indicate, that the PR model was ap-

propriate thermodynamic property model to predict the phase distribution. Fur-

thermore the results show that stoichiometric model prediction of CO2 flowrate at 

gas phase is 0 indicating that WGS did not occur in the reactor. The Plug flow 

and equilibrium reactor model both predicted that the product flowrates were in 

gas phase. The PR model density prediction of liquid phase feedstock in 0.116 

kg/s flowrate and operational conditions of 493 K / 32 bar shown in appendix C  

Table (2) was ~ 760 kg/m3. The pure water density was calculated using online 
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Engineering toolbox webpage and the estimation at 493 K/ 32 bar was 840.7 

kg/m3 Since, the feedstock was mainly water (~ 97 %) density should be closer 

to pure water. Furthermore, PR property model gave ~ 100 kg/m3 higher water 

density compared to SRK model, which was also tried in simulations. This finding 

correlate with previous research conducted by Xie et al. [54], where PR property 

model was chosen for APR studies.   

  

The conversion prediction of the reactor models shown in Tables (12) - (14) com-

pared to experimental conversion shown in Table (15), only stoichiometric and 

plug flow model could be compared with experimental data since equilibrium re-

actor model prediction was 100 % in all operational conditions. Plug flow and 

stoichiometric model conversion prediction at 32 bar and 45 bar are rather high 

compared to experimental data. This can be explained with the reaction mecha-

nisms inserted into the models which only takes into account APR of alcohols into 

gaseous products whereas in reality alcohols react into other products also as 

can be understood from experimental data conversions. Furthermore, methanol 

has in both models least conversion rate, which indicates that methanol reacts 

most in APR reaction. This Result of the simulation corresponds with the conclu-

sion of Shabaker et al. [15] where he noticed alcohols with carbon and oxygen 

ratio 1:1 such as methanol reacted more than other alcohols in APR into gaseous 

products. Among the two reactor models, plug flow model was predicting lower 

conversion rates than stoichiometric, which was in comparison with experimental 

data. Furthermore, only plug flow model predicted also the impact of pressure 

increase to conversion levels as seen in experimental data.  
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6 Conclusions 
 

The simultaneous alcohol reforming reactions represented together better real 

FT derived water  APR into gaseous products than a single alcohol feedstock.  

The deduction of these reforming reactions was based on provided experimental 

data, previous literature and due to large amount of these alcohols in overall or-

ganic content (2.65 % out of 3.35 %).  The power law was used as rate law model 

for APR of alcohols and WGS reaction due to its simplicity in application and lack 

of provided detail experimental data on reaction mechanisms.  The application of 

developed kinetic model based on power law was further simplified with pseudo-

homogenous assumptions mentioned above, suggesting solid phase as part of 

liquid phase and therefore examining only interphase liquid-gas interactions.  The 

pseudo-homogeneous assumption neglected external mass transfer and this as-

sumption was evaluated to be correct with CWP criterion. Furthermore, the internal 

mass transfer was also neglected, and this was proven to be right approach with 

the estimation of MR criterion.  Based on these estimations, APR of alcohols and 

WGS reactions were not mass transfer limited.   

 

The equilibrium constant K of the kinetic model was estimated with Henry’s law-

based temperature dependent Van’t Hoff equation. A kinetic model with pseudo-

homogenous assumptions for APR of FT derived water fractions: methanol, eth-

anol, propanol and butanol were developed and assessed in this thesis. The ki-

netic model was based on simultaneous APR of the alcohols into H2 and CO2 via 

WGS. Furthermore, the model predicted results for formation of main gaseous 

products (H2 and CO2) was compared with the provided experimental results us-

ing Levenberg-Marquardt simplex method for data fitting.  The kinetic model pre-

diction for H2 and CO2 generation in both reaction conditions did not represent 

experimental data well due to the challenges in equilibrium constant K and stiff-

ness challenges occurring from ODEs solver of the model.  

 

Reactor simulations were used to examine the performance of three reactors with 

feedstock flowrate capacity of 0.116- 0.834 kg/s. The PR property model was 

suitable for high pressure liquid-gas system prediction, such as the APR case of 

this thesis. Based on assessment of the product flowrates, phase distribution and 
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conversion predictions, the plug flow model was more suitable for APR studies 

than the other two reactor models.   

6.1 Further studies recommendations  

 

The development of the kinetic model can further be improved by better tackling 

mathematical correlation challenge relating to equilibrium constant K in the kinetic 

model with pseudo-homogeneous assumptions.  Furthermore, reforming reac-

tions should also include other possible intermediates and alkene reactions path-

ways leading to H2, CO2.  A Kinetic model corresponding to experimental data is 

not alone sufficient, rather the estimated parameters should be evaluated with 

statistical analysis to ensure the accuracy of the results. This would include anal-

ysis on variances of the parameters, confidence interval and sensitivity analysis. 

Furthermore, acquiring more experimental data for the study of detail reaction 

mechanism and using LHHW-model in rate law could provide better results than 

current Power law model.  
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Appendix A 
 

Molar flow and conversion calculation example for liquid phase alcohol 
initial FA0 calculation example for methanol at 5 mL/min and 45 bar: 

ρ = 768 ∗ 103
g
m3⁄  ( at 220 o C gained from Aspen simulation with PR property model) 

wt.%= 0.0067 
v= 5mL/min→8.33*10-8 m3/s 
M=32.04 g/mol 

FAo =
wt.% ∗ ρ ∗ v

M
=
0.0067 ∗ 768000

g
m3⁄ ∗ 8.3 ∗ 10−8m

3

s⁄

32.04
g
mol⁄

= 1.33 ∗ 10−5mol s⁄  

Methanol concentration FA after the reaction: 
wt% (average from last three measurements) = (0,643+0,6669+0,624)/3= 0,6446  
 

FAo =
wt.% ∗ ρ ∗ v

M
=
0.0064 ∗ 768000

g
m3⁄ ∗ 8.3 ∗ 10−8m

3

s⁄

32.04
g
mol⁄

= 1.28 ∗ 10−8mol s⁄  

Conversion example:  
Methanol at 5mL/min and 45 bar pressure  

X =
FA0 − FA
FA0

=
1.33 ∗ 10−5mol s⁄ − 1.28 ∗ 10

−8mol
s⁄

1.33 ∗ 10−5mol s⁄
= 0.99 → 100 % 

 
Weisz-Pratern criterion (internal mass transfer estimation) 
CwP for MeOH at 5 ml/min 45 bar example  
T=220 o C 
 gCatalyst=1.5 g 

−rA(Obs) =
FAoX

W
=
1.33 ∗ 10−5mol s⁄ ∗ 100%

1.5g
= 8.91 ∗ 10−6mol g ∗ s⁄  

 
∅ = 2,6 (dimensionless associaton factor for water) 
 ηB = 0,1164 cP (for water calculated with eningeeringtoolbox.com page) 
 Tc=513 K (for Methanol) 
 εp = 0,5 (Assumed based on Ni/Al3O) 

τp = 4 (Assumed based on Ni/Al3O) 

 ρcat = 2200 
kg
m3
⁄  

Rn=0,0002 m 

VB(A) = A1 + 0.4 ∗ VC + (A2 +
A3
Tc
+ A4ω)Tb

= 7.047345 + 0.4 ∗ 113 cm
3

mol⁄

+ (0.01724 +
15.3765

513 K
+ 0.004387 ∗ 0.556)337 K = 68.98 cm

3

mol⁄  

 DAB
o =

7 ∗ 10−8(∅iMB)
1
2⁄ ∗ T

ηBVB(A)
0.6 [cm

2

s⁄ ] =
7 ∗ 10−8 (2.6 ∗ 18

g

mol
)
0.5
∗ 503 K

0.116 cP ∗ 68. 980.6

= 0.0277 cm
2

s⁄  
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 De = DAB
o ε

τ
= 0.0277 cm

2

s⁄ ∗ (
0.5

4
) ∗

1

10−6m
= 3.46 ∗ 10−9m

2

s⁄  (41) 

CAS =
FA0
v
=
1.33 ∗ 10−5mol s⁄

8.3 ∗ 10−8m
3
s⁄
= 160.60 mol

m3⁄  

 

CWP =
−rA(Obs)ρcR

2

DeCAS
=
8.91 ∗ 10−6mol g ∗ s⁄ ∗ 220 ∗ 103

g
m3⁄ ∗ (0.0002m)2

3.46 ∗ 10−9m
2
s⁄ ∗ 160.60 

mol
m3⁄

= 1.51 

 
MR criterion (External mass transfer limitations) 
kc=0,00001 1/m s (Assumption made based on theory)  
 

MR =
−rA(Obs)ρcRn

kcCAS
=
8.91 ∗ 10−6mol g ∗ s⁄ ∗ 220 ∗ 103

g
m3⁄ ∗ 0.0002 m

0.00001 1 m ∗ s⁄ ∗ 160.60 mol
m3⁄

= 2.44 

 
 
 
 
 
 
Extraction of kinetic parameters from experimental data  
 
 

FAo =
wt.% ∗ ρ ∗ v

M
=
0.0067 ∗ 768000

g
m3⁄ ∗ 8.3 ∗ 10−8m

3

s⁄

32.04
g
mol⁄

= 1.33 ∗ 10−5mol s⁄  

 

CAS =
FA0
v
=
1.33 ∗ 10−5mol s⁄

8.3 ∗ 10−8m
3
s⁄
= 160.60 mol

m3⁄  

k =
FA0
CA0W

[1 + εln
1

1 − X
− εX] =

1.33 ∗ 10−5mol s⁄

160.60 mol
m3⁄ ∗ 1.5 g

[1 + 2 ∗ ln
1

1 − 0,99
− 2 ∗ 0.08]

= 5.594 ∗ 10−8m
3

g ∗ s⁄  

X= 8 %  
W=1.5 g 

Methanol full reforming: CH3OH (l)  
H2O
↔   CO (g) + 2H2 (g) 

 
ε = 3 − 1 = 2 
Linearization to obtain kref and Ea→ 

lnk = lnkref −
Ea
R
∗
1

T
 

 

 lnk = −ln (5.594 ∗ 10−8m
3

g ∗ s⁄ ) = 16.7 

1

T
=

1

483 K
= 0.0021

1

K
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Equilibrium Calculations  
 
Example calculation for methanol equilibrium correlation 
 

KCH3OH = 9.740 ∗ 10
−5 ∗ exp [21.225 −

9143.6

T
− 4.076 ∗ 10−3 ln T − 7.161 ∗ 10−8T2]

= 9,740 ∗ 10−5 ∗ exp(21,225 + 9143,6/
9143.6

483 K
− 7.492 ∗ ln 503 K + 4,076

∗ 10 − 3 ∗ 483 K − 7,161 ∗ 10 − 8 ∗ 4832 K) = 2.06 ∗ 10−7 
 
 
Example calculation for propanol equilibrium correlation 
 
Propanol equilibrium constant calculation example. Enthalpies and Entropies are ob-
tained from Knovel. 
 

  propanol butanol water H2 CO 

Molar Enthalpy H (298 
K)(kj/mol) 

-257,53 -274,43 -285,83 0 -110,53 

Molar Entropy S (298 
K)(kj/mol) 

214,2 417,23 69,95 130,68 197,66 

 

For propanol reforming ∆H = −653.89
kJ

mol
, ∆S = 44.19

kJ

mol
→ ∆G =

−653.89
kJ

mol
, −44.19

kJ

mol
∗ 483 K = −21997.66

kj

mol
K 

KPropanol(
21997.66

kj

mol
K

8.314 ∗
kj

mol
∗ 483K

) = 4.177 ∗ 10−3 

 
Reactor design calculations 

LLab_reactor=0.007 m, DLab_reactor=0.015 m , V = π ∗ (
0.015m

2
)2 ∗ 0.007 m = 3.53 ∗ 10−4m3 

v =
2mL

min
= 3.33 ∗ 10−8m

3

s⁄  

LLab_reactor=4 m, DLab_reactor=1.2 m , V = π ∗ (1.2
m

2
)2 ∗ 4 m = 4.523 m3 

τ =
3.53 ∗ 10−4m3

3.33 ∗ 10−8m
3
s⁄
= 10602,9 1 s⁄ → 2.9 

1
h⁄  

ρ = 782 
𝑘𝑔

𝑚3
⁄  FT derived water density at 32 bars obtained from simulation with PB 

property model 
 
 2 mL/min flowrate scale up for simulation: 

𝑣𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

𝜏
∗ 𝜌 =

4.523 m3

10602.9 1 s⁄
∗ 782 

𝑘𝑔
𝑚3
⁄ = 0.334 

𝑘𝑔
𝑠⁄   

 
Conversion calculations  
 
MeOH conversion at 0,334 kg/s and operation conditions of 493 K and 32 bar (simula-
tion) 
FA0=5,46*10-5kmol/s, FA=3,79*10-7 kmol/s (liquid stream) 
X=5,46*10-5kmol/s-3,79*10-7 kmol/s / 5,46*10-5kmol/s= 0,99 *100 % =99 %  
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Appendix B 
 
Kinetic model with three phase mass transfer model code  
Three phase reactor main file  
clear; close all; clc 
 
global ncomp R T p meth pc Tc we rhob eL y_ini y_exp weights 
global Tmean  L D molwei densL V zzspan N_par N_reac 
global isv_exp s2 fmincount lmcount VfeedL VfeedG y_calc 
 
% Components  
 %  1 CH3OH 
 %  2 C2H5OH 
 %  3  C3H70H 
 %  4 C4H9OH 
 %  5 CH300H 
 %  6   H2 
%   7   CO 
%   8   CO2 
%   9   CH4 
%  10  C2H6 
%  11  C3H6 
%  12   H20 
%  13   N2 
ncomp = 13; 
densL=(1000*0.97)+(792*0.0066)+(789*0.0096)+(803*0.0042)+(810*0.0027)+(
814*0.0028)+(814*0.0026);% rho_mix=sum(rho_i*x_i) where x_i is mass fraction 
(from 5ml/min feed) 
% Liquid phase density can also be estimated densL=sum( n*M/VL) 
Tmean=503;% K 
rhob=2200; % bulk density kg/m3 
eL = 0.5; % liquid holdup () 
L= 0.007;% m 
D=0.015;% m 
x0(1:2)=[2.63E-6 2.41E-8];%  
x0(3:4)=[11971 30629]; % J/mol   
R=8.314; % J/(K mol) 
V=pi()*(D/2)^2*L; % m3 
meth = 3; 
molwei = [32.04 46.07 60.09 74.12 60.05 2.02 28.01 44.01 16.04 30.07 44.1 
18.02 28.01];% g/mol 
pc = [79.63 61.91 52 45 57.86 12.93 34.94 73.74 46.1 49 42.5 220.6 35]; % bar 
Tc = [513 516 536 562 593 33 134 304 190 305 369 647 126]; % K 
we = [0.556 0.644 0.623 0.593 0.462 -0.216 0.045 0.225 0.011 0.099 0.153 0.344 
0.039]; % acentric factor 
 
zzspan = [0 1]; % dimensionless lenght () or time (h) 
 
% Experimental data 
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 d=xlsread('data1'); 
 T=d(:,1); 
 % gas inlet 
 y__g _ini(:,1)=d(:,2);   % inlet CH3OH mole fraction () 
 y_g _ini(:,2)=d(:,3);   % inlet C2H5OH mole fraction () 
 y_g _ini(:,3)=d(:,4);   % inlet C3H7OH mole fraction () 
 y_g _ini(:,4)=d(:,5);   % inlet C4H9OH mole fraction () 
 y_g _ini(:,5)=d(:,6);   % inlet CH300H mole fraction () 
 y_g _ini(:,6)=d(:,7);   % inlet H2 mole fraction () 
 y_g _ini(:,7)=d(:,8);   % inlet CO mole fraction () 
 y_g _ini(:,8)=d(:,9);   % inlet CO2 mole fraction () 
 y_g _ini(:,9)=d(:,10);  % inlet CH4 mole fraction () 
 y_g _ini(:,10)=d(:,11); % inlet C2H6 mole fraction () 
 y_g _ini(:,11)=d(:,12); % inlet C3H8 mole fraction () 
 y_g _ini(:,12)=d(:,13); % inlet H20 mole fraction () 
 y_g _ini(:,13)=d(:,14); % inlet N2 mole fraction () 
 % Liquid inlet  
  y_l _ini(:,1)=d(:,15);  % inlet CH3OH mass fraction () 
 y_l _ini(:,2)=d(:,16);   % inlet C2H5OH mass fraction () 
 y_l _ini(:,3)=d(:,17);   %  inlet C3H7OH mass fraction () 
 y_l _ini(:,4)=d(:,18);   % inlet C4H9OH mass fraction () 
 y_l _ini(:,5)=d(:,19);   % inlet CH300H mass fraction () 
 y_l _ini(:,6)=d(:,20);   % inlet H2 mass fraction () 
 y_l _ini(:,7)=d(:,21);   % inlet CO mass fraction () 
 y_l _ini(:,8)=d(:,22);   % inlet CO2 mass fraction () 
 y_l _ini(:,9)=d(:,23);  % inlet CH4 mass fraction () 
 y_l _ini(:,10)=d(:,24); % inlet C2H6 mass fraction () 
 y_l _ini(:,11)=d(:,25); % inlet C3H8 mass fraction () 
 y_l _ini(:,12)=d(:,26); % inlet H20 mass fraction () 
 y_l _ini(:,13)=d(:,27); % inlet N2 mass fraction () 
                      
 % 13 liquid +13 gas for initial feed  
% Gas outlet 
y_exp(:,1)=d(:,28); % Outlet CH3OH molar flow (mol/s) 
y_exp(:,2)=d(:,29); % Outlet C2H5OH molar flow (mol/s) 
y_exp(:,3)=d(:,30); % Outlet C3H7OH molar flow (mol/s) 
y_exp(:,4)=d(:,31); % Outlet C4H9OH molar flow (mol/s) 
y_exp(:,5)=d(:,32); % Outlet CH300H molar flow (mol/s) 
y_exp(:,6)=d(:,33); % Outlet H2 molar flow (mol/s) 
y_exp(:,7)=d(:,34); % Outlet CO molar flow (mol/s) 
y_exp(:,8)=d(:,35); % Outlet CO2 molar flow (mol/s) 
y_exp(:,9)=d(:,36); % Outlet CH4 molar flow (mol/s) 
y_exp(:,10)=d(:,37); % Outlet C2H6 molar flow (mol/s) 
y_exp(:,11)=d(:,38); % Outlet C3H8 molar flow (mol/s) 
y_exp(:,12)=d(:,39); % Outlet H20 molar flow (mol/s) 
y_exp(:,13)=d(:,40); % Outlet N2 molar flow (mol/s) 
 
% Liquid outlet 
y_exp(:,14)=d(:,41); % Outlet CH3OH molar flow (mol/s) 
y_exp(:,15)=d(:,42); % Outlet C2H5OH molar flow (mol/s) 
y_exp(:,16)=d(:,43); % Outlet C3H7OH molar flow (mol/s) 
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y_exp(:,17)=d(:,44); % Outlet C4H9OH molar flow (mol/s) 
y_exp(:,18)=d(:,45); % Outlet CH300H molar flow (mol/s) 
y_exp(:,19)=d(:,46); % Outlet H2 molar flow (mol/s) 
y_exp(:,20)=d(:,47); % Outlet CO molar flow (mol/s) 
y_exp(:,21)=d(:,48); % Outlet CO2 molar flow (mol/s) 
y_exp(:,22)=d(:,49); % Outlet CH4 molar flow (mol/s) 
y_exp(:,23)=d(:,50); % Outlet C2H6 molar flow (mol/s) 
y_exp(:,24)=d(:,51); % Outlet C3H8 molar flow (mol/s) 
y_exp(:,25)=d(:,52); % Outlet H20 molar flow (mol/s) 
y_exp(:,26)=d(:,53); % Outlet N2 molar flow (mol/s) 
p=d(:,54); 
VfeedG = d(:,55); % volummetric liquid feed rate (ml/min) 
VfeedL = d(:,56); % volummetric gas feed rate (ml/min) 
 
isv_exp=d(:,57); 
% gas 
weights(:,1) = d(:,58); 
weights(:,2) = d(:,59); 
weights(:,3) = d(:,60); 
weights(:,4) = d(:,61); 
weights(:,5) = d(:,62); 
weights(:,6) = d(:,63); 
weights(:,7) = d(:,64); 
weights(:,8) = d(:,65); 
weights(:,9) = d(:,66); 
weights(:,10) = d(:,67); 
weights(:,11) = d(:,68); 
weights(:,12) = d(:,69); 
weights(:,13) = d(:,70); 
% liquid 
weights(:,14) = d(:,71); 
weights(:,15) = d(:,72); 
weights(:,16) = d(:,73); 
weights(:,17) = d(:,74); 
weights(:,18) = d(:,75); 
weights(:,19) = d(:,76); 
weights(:,20) = d(:,77); 
weights(:,21) = d(:,78); 
weights(:,22) = d(:,79); 
weights(:,23) = d(:,80); 
weights(:,24) = d(:,81); 
weights(:,25) = d(:,82); 
weights(:,26) = d(:,83); 
 
N_par= length(x0); 
N_reac= N_par/2; 
molf0G  = VfeedG/1000000/60 * 101325/(R * 298.15); % molar gas total feed rate 
mol/s 
massf0L = VfeedL/1000000/60 * densL; % mass liquid total feed rate kg/s 
for i=1:ncomp 
    y_ini(:,i) = y_g _ini (:,i) .*molf0G; % molar feed rates 
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    y_ini(:,i+ncomp) = y_l _ini (:,i).*massf0L/molwei(i)*1000; % molar feed rates 
mol/s 
end 
outfname='ref.out'; 
noptiter=1; 
% Optimimization & optimisers initializations  
 
fmincount = 0; 
lmcount = 0; 
     
options1=optimset('fminsearch'); % simple Nelder-Mead Simplex method 
options1=optimset(options1, 'MaxIter', 100, 'MaxFunEvals', 200, ... 
                         'TolX', 1e-10, 'TolFun', 1e-10, 'Display', 'off'); 
 options2=optimset('lsqnonlin');% quadratic trust-region methods 
% options2= optimoptions('lsqnonlin', 'Algorithm','levenberg-marquardt'); % Le-
venber-marquardt method 
 options2=optimset(options2, 'Jacobian', 'on', 'LargeScale', 'off', ... % quadratic 
trust-region methods 
                           'Algorithm','levenberg-marquardt', 'MaxIter', 1, ... 
                          'TolX', 1e-10, 'TolFun', 1e-10,'Display', 'off'); 
                               
 
lb = [1.0e-15 1.0e-15 1.0e-15 1.0e-15]; % estimation lower bound 
ub = [100000 100000 100000 100000];  % estimation upper bound 
 
% output file 
 
global outfile; 
outfile=fopen(outfname,'w'); 
if (outfile==-1) 
  error('cannot open outfile'); 
end 
    
% Loop for iteration rounds 
 
   for j=1:noptiter 
         
      fprintf(outfile, 'fminsearch optimization round: % d \n',j);  
      fprintf(1, 'fminsearch optimization round: % d \n',j);  
      [x]=fminsearch(@errvecf_fmin, x0, options1); % Simplex method 
      x0=x; 
      x1=x; 
      fprintf(1, '\n \n'); 
      fprintf(outfile, '\n \n'); 
        
      fprintf(outfile, 'lsqnonlin optimization round: % d \n',j);  
      fprintf(1, 'lsqnonlin optimization round: % d \n',j);  
      [x,resnorm,residual,exitflag,output] = ... 
          lsqnonlin(@lsqf, x0, lb, ub, options2);   % Levenberg-Marquardt method 
Solve nonlinear least-squares   
      x0=x;  
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      x2=x; 
      fprintf(1, '\n \n'); 
      fprintf(outfile, '\n \n'); 
       
   end 
    
   x = x0; 
   fprintf(1, 'final parameters: '); 
   fprintf(outfile, 'final parameters: '); 
   for i=1:length(x) 
      fprintf(1, '%10 .3e ', x(i)); 
      fprintf(outfile, '%10 .3e ', x(i)); 
   end 
   fprintf(1, '\n \n'); 
   fprintf(outfile, '\n \n'); 
 
   % Calculate y_calc with final parameters and estimate variance (s2) 
   % with errvecf 
   F=errvecf2(x); 
    
   N_points =length(find(isv_exp==1)); 
    
   % for i = 1:N_points 
   %    y_calc(i,:) = F((i-1)*ncomp+1:i*ncomp); 
   % end 
    
   %  plot 
    
   MAX_Y=max(max(y_exp(:,6:9))); 
   MIN_Y=min(min(y_exp(:,6:9))); 
   yy_exp=[MIN_Y MAX_Y]; 
   xy_exp=[MIN_Y MAX_Y]; 
   figure; 
   plot(y_calc(:,6), y_exp(:,6),'b+','MarkerSize',10); 
   hold on; 
   plot(y_calc(:,7), y_exp(:,7),'ro','MarkerSize',10); 
   
   plot(y_calc(:,8), y_exp(:,8),'m*','MarkerSize',10);  
 
   plot(y_calc(:,9), y_exp(:,9),'gx','MarkerSize',10); 
 
   plot(yy_exp,xy_exp,'-k'); 
 
   axis tight; 
   hleg1 =  legend('H2','CO','CO2','CH4'); 
   % hleg1 =  legend('CO_ 2','H_ 2','H_ 2O','CO','CH_ 4'); 
   set(hleg1,'Location','SouthEast') 
   title('The parity plot exp vs calc ','fontsize',16); 
%     ylim([0 0.5e-5]); 5 mil/min 32 bar 
%    xlim([0 0.5e-5]); 
   ylim([0 20e-5]); 
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   xlim([0 20e-5]); 
   xlabel('Calculated outlet molar flow (mol/s)','fontsize',14); 
   ylabel('Experimental outlet molar flow (mol/s)','fontsize',14);  
    
   % Confidence interval estimates with t-test 
   
  fprintf(1, '\n Estimating Jacobian..\n'); 
  fprintf(outfile, '\n Estimating Jacobian..\n'); 
   
  J=cdjacobian(x, length(F), y_exp, isv_exp, y_ini, weights); 
   
  V=s2*inv(J'*J); % variance-covariance matrix 
  SE=diag(sqrt(V)); 
  ta=1.96;  % tabelled value from Student's t-distribution 
  confint=ta*SE; 
   
  fprintf(1, '\n values of parameters:\n'); 
  fprintf(outfile, '\n values of parameters:\n'); 
  for i=1:length(x) 
    fprintf(1, '%2 d: % .3e +- %.3e \n', i, x(i), confint(i)); 
    fprintf(outfile, '%2 d: % .3e +- %.3e \n', i, x(i), confint(i)); 
  end 
  fprintf(1, '\n'); 
  fprintf(outfile, '\n'); 
   
 % correlation coefficients 
   
  correlations=zeros(length(x), length(x)); 
   
  for i=1:length(x) 
    for j=1:i 
      correlations(i,j)=V (i,j)/sqrt(V(i,i)*V(j,j)); 
    end 
  end 
   
  fprintf(1, '\n correlations:\n'); 
  fprintf(outfile, '\n correlations:\n'); 
  for i=1:length(x) 
    for j=1:i 
      fprintf(1, '%7 .3f ', correlations(i,j)); 
      fprintf(outfile, '%7 .3f ', correlations(i,j)); 
    end 
    fprintf(1, '\n'); 
    fprintf(outfile, '\n'); 
  end 
  fprintf(1, '\n'); 
  fprintf(outfile, '\n'); 
 
% cleanup 
fprintf(1, '\n Ending program on % s \n \n', datestr(now)); 
fprintf(outfile, '\n Ending program on % s \n \n', datestr(now)); 



82 

 

fclose(outfile); 
 
plot_results(x) 
 
Three phase reactor model  
 
function [dndz] = Three_Phase _Reactor _PF _model(zz,y,kmean,E, Temp, 
Pres) 
                     
global ncomp R rhob eL 
global Tmean  molwei densL V  
 
% mass transfer coefficients 
 
kla = 0.001; % 1/s 
kga = 1000; % 1/s   
 
for i = 1:2*ncomp 
    if y(i) < 1.0e-20 
           y(i)= 1.0e-20; 
    end 
end 
 
ysum = sum(y(1:ncomp)); % vapour phase total moles 
xsum = sum(y(ncomp+1:2*ncomp)); % liquid phase total moles 
for i = 1:ncomp 
    yfrac(i)=y (i)/ysum;   % mole fractions for vapour phase 
    xfrac(i)=y (ncomp+i)/xsum;  % mole fractions for liquid phase 
    massfv(i) = y(i)*(molwei (i)/1000); % mass flows for vapour phase (kg/s) 
    massfl(i) = y(ncomp+i)*(molwei (i)/1000);  % mass flows for liquid phase (kg/s) 
end 
 
massfltot = sum(massfl); % total mass flow of liquid phase (kg/s) 
 
% gas solubilities 
 
Pres_atm = Pres * 0.986923267; % conversion bar => atm 
 
for i = 1:ncomp 
    p_atm(i) = yfrac(i)*Pres_atm; 
end     
     
HH2 =  4E-06*(Temp-273.15)+0.0006; % Henry's constant for H2 
HCO = -3E-08 *(Temp-273.15)^2+1E-5*(Temp-273.15)+0.0004; % Henry's con-
stant for CO 
HCO2 = 3E-09 *(Temp-273.15)^2+3E-7*(Temp-273.15)+7E-6; % Henry's con-
stant for CO2 
HCH4 = -7E-09 *(Temp-273.15)^2+0.000008*(Temp-273.15)+0.0002; % Henry's 
constant for CO 
HN2 = -4E-08 *(Temp-273.15)^2+1E-5*(Temp-273.15)+0.0005; % Henry's con-
stant for N2 
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XH2_eq = HH2 * p_atm(6); 
XCO_eq = HCO * p_atm(7); 
XCO2_eq = HCO2 * p_atm(8); 
XCH4_eq = HCH4 *p_atm(9); 
XN2_eq = HN2 * p_atm(13); 
𝐾 = [0.0010.0050.0050.0050.00530.04730.03220.000290.000190.0015210]; 
VrateG = ZV*ysum*R*Temp/(Pres*1E5); % volummetric flowrate for gas phase 
(m3/s) Vg=ngRT/P 
VrateL = massfltot/densL;  % volummetric flowaret for liquid phase (m3/s) 
% volumetric flow for the experiment : 5ml/min 
% Vex=5/1000000/60; % m3/s 
for i=1:ncomp 
    CG(i) = (y (i)/VrateG); % gas phase concentrations (mol/m3) 
    C(i) = (y (ncomp+i)/VrateL);  % liquid phase concentrations (mol/m3) 
end 
 
% rate equations of main reactions  
 
%1 Methanol full reforming: CH3OH +H2O => CO+2H2        
%2 Ethanol full reforming: C2H5OH +H2O => 2CO+4H2  
%3 Propanol full reforming: C3H7OH +2H2O => 3CO+6H2 
%4 Butanol full reforming: C4H9OH +3H2O => 4CO+8H2 
%5 WGS                : CO + H2O =>  CO2 + H2 
 
R1=k(1)*C (1).^m*C (12).^n;%  Methanol full reforming 
 R2=k(2)*C (2).^m*C (12).^n ;%  Ethanol full reforming 
 R3=k(3)*C (3).^m*C (12).^n ;%  Probanol full reforming 
 R4=k(4)*C (4).^m*C (12).^n; %  Butanol full reforming 
 R5=k(5)*CG (7).^m*C (12).^n; % WGS 
 
 
% rate equations for components 
%  
 r(1) = -R1;%-R6; % CH3OH 
 r(2) = -R2;%-R7; % C2H5OH 
 r(3) = -R3;%-R8;  % C3H7OH 
 r(4) = -R4;%-R9;  % C4H9OH 
 r(5) = 0; % R6;   % CH3OOH 
 r(6) = 2*R1+4*R2+6*R3+8*R4+R5;%+2*R7+2*R8+2*R9; % H2 
 r(7) = R1+2*R2+3*R3+4*R4-R5;%-R6+R7+R8+R9; % CO 
 r(8) = R5;    % CO2 
 r(9) = 0; % R7;    %  CH4 
 r(10) = 0; % R8;   % C2H6 
 r(11) = 0; % R9;   % C3H6 
 r(12) = -R1-R2-2*R3-3*R4-R5;%-R6-R7-R8-R9;% H2O 
 r(13)=0;  % N2 
% r(1) = -R1-R6; % CH3OH 
% r(2) = -R2-R7; % C2H5OH 
% r(3) = -R3-R8;  % C3H7OH 
% r(4) = -R4-R9;  % C4H9OH 
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% r(5) = 0; % R6;   % CH3OOH 
% r(6) = 2*R1+4*R2+6*R3+8*R4+R5+2*R7+2*R8+2*R9; % H2 
% r(7) = R1+2*R2+3*R3+4*R4-R5-R6+R7+R8+R9; % CO 
% r(8) = R5;    % CO2 
% r(9) = 0; % R7;    %  CH4 
% r(10) = 0; % R8;   % C2H6 
% r(11) = 0; % R9;   % C3H6 
% r(12) = -R1-R2-2*R3-3*R4-R5-R6-R7-R8-R9;% H2O 
% r(13)=0;  % N2 
% fluxes 
 
 CGTOT = sum(CG); 
 CLTOT = sum(C); 
 KEC = (K .* CGTOT./CLTOT); % concentration based equilibrium constant 
 NGL = V * (CG./KEC - C)./(1./kla + 1./(kga.*KEC));  % NGLa*V (mol/s) from ar-
ticle 
 % NGL=(CG-KEC.*C)./(KEC./kla+1./kga)*V; % NGLa*V (mol/s) equation from 
the book 
  
% Mass balances   
 
for i=1:ncomp 
    
% Gas phase 
    yprime(i)=-NGL(i);   % mol/s 
% Liquid phase  
    yprime(ncomp+i)=NGL(i)+rhob*eL*V*r(i);  % mol/s 
end 
   
dndz = yprime'; 
 
end 
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Appendix C 
 

 
Table 1.  Detail flowrates of gaseous products in the three reactor models. 

 

 
 

 

 

 

 

Table 2. Simulation results at flowrate 0.116 kg/s, temperature 483 K and pressure 32 bar. 

 

 
  

 

 

 

 

 

Flowrate:0,116kg/s Pressure:32 bar Gaseos products 

T(K) H2 (kmol/s)_Rplug H2(kmol/s)_Rstoic. H2(kmol/s)_REquil. CO2 (kmol/s)_Rplug CO2(kmol/s)_REquil.

483 3,05E-04 1,65E-04 4,97E-04 4,16E-05 1,63E-04

493 2,79E-04 1,65E-04 4,97E-04 2,64E-05 1,64E-04

503 2,01E-04 1,66E-04 4,98E-04 7,76E-06 1,65E-04

Flowrate:0,334 kg/s Pressure:32 bar Gaseos products 

T(K) H2 (kmol/s)_Rplug H2(kmol/s)_Rstoic. H2(kmol/s)_REquil. CO2 (kmol/s)_Rplug CO2(kmol/s)_REquil.

483 5,60E-04 3,32E-04 9,99E-04 5,05E-05 3,28E-04

493 4,97E-04 3,33E-04 1,00E-03 3,16E-05 3,30E-04

503 3,38E-04 3,33E-04 1,00E-03 9,23E-06 3,33E-04

Flowrate:0,834 kg/s Pressure:32 bar Gaseos products 

T(K) H2 (kmol/s)_Rplug H2(kmol/s)_Rstoic. H2(kmol/s)_REquil. CO2 (kmol/s)_Rplug CO2(kmol/s)_REquil.

483 1,18E-03 8,30E-04 2,50E-03 6,33E-05 8,19E-04

493 1,01E-03 8,31E-04 2,50E-03 3,94E-05 8,24E-04

503 6,49E-04 8,33E-04 2,50E-03 1,14E-05 8,31E-04

Flowrate:0,334kg/s Pressure:45 bar Gaseos products 

T(K) H2 (kmol/s)_Rplug H2(kmol/s)_Rstoic. H2(kmol/s)_REquil. CO2 (kmol/s)_Rplug CO2(kmol/s)_REquil.

493 6,40E-04 3,30E-04 9,97E-04 1,11E-04 3,23E-04

503 6,08E-04 3,31E-04 9,98E-04 8,98E-05 3,25E-04

513 5,38E-04 3,32E-04 9,99E-04 5,75E-05 3,28E-04

Flowrate:0,834kg/s Pressure:45 bar Gaseos products 

T(K) H2 (kmol/s)_Rplug H2(kmol/s)_Rstoic. H2(kmol/s)_REquil. CO2 (kmol/s)_Rplug CO2(kmol/s)_REquil.

493 1,39E-03 8,25E-04 2,49E-03 1,49E-04 8,06E-04

503 1,28E-03 8,26E-04 2,49E-03 1,19E-04 8,12E-04

513 1,10E-03 8,28E-04 2,49E-03 7,44E-05 8,20E-04

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 3,47E-05 3,47E-05 3,47E-05 3,47E-05 2,34E-05 1,39E-05 3,49E-12 1,02E-05 2,45E-12 3,50E-06

ETHAN-01 KMOL/SEC 3,53E-05 3,53E-05 3,53E-05 3,53E-05 1,14E-07 7,18E-06 7,92E-18 2,89E-07 3,27E-17 1,05E-05

PROPANOL KMOL/SEC 1,19E-05 1,19E-05 1,19E-05 1,19E-05 5,34E-09 1,81E-06 1,38E-23 2,12E-08 9,00E-23 4,13E-06

N-BUT-01 KMOL/SEC 6,27E-06 6,27E-06 6,27E-06 6,27E-06 0,00E+00 6,04E-07 1,18E-29 0,00E+00 1,43E-28 2,53E-06

HYDRO-01 KMOL/SEC 0 0 0 0 9,85E-07 9,32E-07 9,92E-07 3,05E-04 0,000496717 1,65E-04

WATER KMOL/SEC 0,00899694 0,00899694 0,00899694 0,00899694 0,00814854 0,00851648 0,00766735 0,000728246 0,00108611 0,000441518

CARBO-01 KMOL/SEC 0 0 0 0 2,60E-07 4,23E-07 7,97E-10 8,89E-05 4,42E-07 8,26E-05

CARBO-02 KMOL/SEC 0 0 0 0 1,06E-06 0 2,57E-06 4,16E-05 1,63E-04 0

Mole Flow KMOL/SEC 0,00908511 0,00908511 0,00908511 0,00908511 0,00817432 0,00854129 0,00767091 0,00117429 0,0017463 0,000709873

Mass Flow KG/SEC 0,166 0,166 0,166 0,166 0,1476082 0,154369 0,1382445 0,0183947 0,0277554 0,011631

Volume Flow CUM/HR 7,64E-01 7,64E-01 7,64E-01 7,64E-01 6,75E-01 7,06E-01 6,30E-01 5,019307 7,456871 3,020534

Temperature K 483 483 483 483 483 483 483 483 483 483

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -271490000 -271490000 -271490000 -271490000 -271800000 -271810000 -271990000 -168710000 -181730000 -164690000

Mass Enthalpy J/KG -14859000 -14859000 -14859000 -14859000 -15052000 -15039000 -15092000 -10770000 -11434000 -10052000

Enthalpy Flow WATT -2466600 -2466600 -2466600 -2466600 -2221800 -2321600 -2086400 -198120 -317350 -116910

Molar Entropy J/KMOL-K -127810 -127810 -127810 -127810 -127230 -127320 -127200 -27460,16 -33749,09 -29530,72

Mass Entropy J/KG-K -6994,819 -6994,819 -6994,819 -6994,819 -7045,969 -7044,496 -7057,905 -1753,01 -2123,406 -1802,345

Molar Density KMOL/CUM 42,81141 42,81141 42,81141 42,81141 43,62793 43,57721 43,81197 0,8422358 0,8430731 0,8460569

Mass Density KG/CUM 782,2353 782,2353 782,2353 782,2353 787,8134 787,5825 789,5758 13,19327 13,39968 13,86231

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,05755 18,07327 18,02192 15,66458 15,89385 16,38461
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Table 3. Simulation results at flowrate 0.116 kg/s, temperature 493 K and pressure 32 bar. 

 

 
 

Table 4. Simulation results at flowrate 0.116 kg/s, temperature 503 K and pressure 32 bar. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 3,47E-05 3,47E-05 3,47E-05 3,47E-05 1,95E-05 1,19E-05 5,21E-13 1,45E-05 7,01E-13 5,43E-06

ETHAN-01 KMOL/SEC 3,53E-05 3,53E-05 3,53E-05 3,53E-05 5,04E-07 5,22E-06 1,87E-19 1,97E-06 1,34E-18 1,24E-05

PROPANOL KMOL/SEC 1,19E-05 1,19E-05 1,19E-05 1,19E-05 3,77E-08 1,30E-06 5,01E-26 2,20E-07 5,39E-25 4,64E-06

N-BUT-01 KMOL/SEC 6,27E-06 6,27E-06 6,27E-06 6,27E-06 0,00E+00 4,37E-07 6,70E-33 0,00E+00 1,26E-31 2,70E-06

HYDRO-01 KMOL/SEC 0 0 0 0 7,28E-07 7,09E-07 7,11E-07 2,79E-04 4,97E-04 0,000165341

WATER KMOL/SEC 0,00899694 0,00899694 0,00899694 0,00899694 0,00765023 0,00814509 0,00678011 0,00124496 0,00197321 0,00081291

CARBO-01 KMOL/SEC 0 0 0 0 2,39E-07 3,28E-07 4,02E-10 9,93E-05 3,06E-07 8,27E-05

CARBO-02 KMOL/SEC 0 0 0 0 5,01E-07 0 1,71E-06 2,64E-05 0,000164038 0

Mole Flow KMOL/SEC 0,00908511 0,00908511 0,00908511 0,00908511 0,00767171 0,00816501 0,00678253 0,00166615 0,00263469 0,00108616

Mass Flow KG/SEC 0,166 0,166 0,166 0,166 0,1385007 0,1474797 0,1222221 0,0274993 0,0437779 0,0185203

Volume Flow CUM/HR 0,7774214 0,7774214 0,7774214 0,7774214 0,6436469 0,6854108 0,5667952 7,103567 11,23178 4,612144

Temperature K 493 493 493 493 493 493 493 493 493 493

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -270530000 -270530000 -270530000 -270530000 -270870000 -270890000 -271040000 -190030000 -200030000 -189220000

Mass Enthalpy J/KG -14806000 -14806000 -14806000 -14806000 -15004000 -14997000 -15041000 -11514000 -12038000 -11097000

Enthalpy Flow WATT -2457800 -2457800 -2457800 -2457800 -2078000 -2211800 -1838400 -316610 -527010 -205520

Molar Entropy J/KMOL-K -125840 -125840 -125840 -125840 -125300 -125360 -125270 -35911,12 -40372,06 -38250,86

Mass Entropy J/KG-K -6887,025 -6887,025 -6887,025 -6887,025 -6940,625 -6940,169 -6951,915 -2175,807 -2429,713 -2243,283

Molar Density KMOL/CUM 42,07036 42,07036 42,07036 42,07036 42,90886 42,88527 43,0792 0,8443838 0,8444678 0,8477962

Mass Density KG/CUM 768,6949 768,6949 768,6949 768,6949 774,6521 774,6111 776,2934 13,93633 14,03166 14,45602

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,05343 18,0624 18,02014 16,50473 16,61598 17,05129

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 3,47E-05 3,47E-05 3,47E-05 3,47E-05 1,23E-05 7,12E-06 8,90E-15 2,21E-05 6,00E-14 1,02E-05

ETHAN-01 KMOL/SEC 3,53E-05 3,53E-05 3,53E-05 3,53E-05 1,37E-06 2,24E-06 1,02E-22 1,17E-05 3,31E-21 1,54E-05

PROPANOL KMOL/SEC 1,19E-05 1,19E-05 1,19E-05 1,19E-05 2,15E-07 5,46E-07 8,37E-31 2,64E-06 3,93E-29 5,39E-06

N-BUT-01 KMOL/SEC 6,27E-06 6,27E-06 6,27E-06 6,27E-06 3,39E-09 1,82E-07 3,51E-39 6,81E-08 2,72E-37 2,95E-06

HYDRO-01 KMOL/SEC 0 0 0 0 2,96E-07 3,05E-07 1,93E-07 2,01E-04 4,98E-04 0,000165746

WATER KMOL/SEC 0,00899694 0,00899694 0,00899694 0,00899694 6,29E-03 0,00670279 3,41E-03 2,64E-03 0,00534177 0,00225521

CARBO-01 KMOL/SEC 0 0 0 0 1,23E-07 1,43E-07 5,13E-11 8,87E-05 1,41E-07 8,29E-05

CARBO-02 KMOL/SEC 0 0 0 0 7,68E-08 0 4,31E-07 7,76E-06 0,000165478 0

Mole Flow KMOL/SEC 0,00908511 0,00908511 0,00908511 0,00908511 0,00630043 0,00671333 0,00341201 0,00297793 0,00600521 0,00253784

Mass Flow KG/SEC 0,166 0,166 0,166 0,166 0,1137227 0,1211348 0,0614763 0,0522772 0,1045236 0,0448651

Volume Flow CUM/HR 0,7917955 0,7917955 0,7917955 0,7917955 0,5378202 0,5725883 0,2901786 12,552 25,37169 10,6893

Temperature K 503 503 503 503 503 503 503 503 503 503

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -269550000 -269550000 -269550000 -269550000 -269930000 -269980000 -270080000 -216000000 -220260000 -215880000

Mass Enthalpy J/KG -14752000 -14752000 -14752000 -14752000 -14955000 -14962000 -14990000 -12304000 -12655000 -12211000

Enthalpy Flow WATT -2448900 -2448900 -2448900 -2448900 -1700700 -1812400 -921500 -643230 -1322700 -547860

Molar Entropy J/KMOL-K -123860 -123860 -123860 -123860 -123380 -123390 -123360 -47652,07 -48711,81 -48266,97

Mass Entropy J/KG-K -6778,801 -6778,801 -6778,801 -6778,801 -6835,325 -6838,389 -6846,595 -2714,457 -2798,644 -2730,263

Molar Density KMOL/CUM 41,30662 41,30662 41,30662 41,30662 42,17312 42,20827 42,32988 0,85409 0,8520814 0,8547063

Mass Density KG/CUM 754,7403 754,7403 754,7403 754,7403 761,2243 761,6036 762,6852 14,99348 14,83091 15,10993

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,04999 18,04394 18,01766 17,55492 17,4055 17,6785
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Table 5. Simulation results at flowrate 0.334 kg/s, temperature 483 K and pressure 32 bar. 

 

 
 

 

 

Table 6. Simulation results at flowrate 0.334 kg/s, temperature 493 K and pressure 32 bar. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 4,88E-05 2,79E-05 7,02E-12 1,97E-05 4,94E-12 7,05E-06

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 1,37E-06 1,45E-05 1,59E-17 3,21E-06 6,57E-17 2,11E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 9,51E-08 3,65E-06 2,78E-23 3,47E-07 1,81E-22 8,30E-06

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 0,00E+00 1,21E-06 2,38E-29 0,00E+00 2,89E-28 5,09E-06

HYDRO-01 KMOL/SEC 0 0 0 0 1,96E-06 1,88E-06 2,00E-06 0,0005601 0,000999418 0,000332227

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 0,016534 0,0171355 0,015427 0,00136502 0,0021853 0,000888356

CARBO-01 KMOL/SEC 0 0 0 0 6,43E-07 8,51E-07 1,60E-09 0,000202497 8,90E-07 0,0001662

CARBO-02 KMOL/SEC 0 0 0 0 1,40E-06 0 5,17E-06 5,05E-05 0,00032804 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,0165883 0,0171854 0,0154342 0,00220144 0,00351364 0,0014283

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,299583 0,3105979 0,2781547 0,0344171 0,0558453 0,0234021

Volume Flow CUM/HR 1,537133 1,537133 1,537133 1,537133 1,369179 1,419727 1,268221 9,411682 15,00358 6,077459

Temperature K 483 483 483 483 483 483 483 483 483 483

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -271490000 -271490000 -271490000 -271490000 -271790000 -271810000 -271990000 -165980000 -181730000 -164690000

Mass Enthalpy J/KG -14859000 -14859000 -14859000 -14859000 -15049000 -15039000 -15092000 -10617000 -11434000 -10052000

Enthalpy Flow WATT -4962800 -4962800 -4962800 -4962800 -4508500 -4671100 -4198000 -365400 -638520 -235230

Molar Entropy J/KMOL-K -127810 -127810 -127810 -127810 -127240 -127320 -127200 -26413,1 -33749,09 -29530,72

Mass Entropy J/KG-K -6994,819 -6994,819 -6994,819 -6994,819 -7045,671 -7044,496 -7057,905 -1689,474 -2123,406 -1802,345

Molar Density KMOL/CUM 42,81141 42,81141 42,81141 42,81141 43,61604 43,57721 43,81197 0,8420581 0,8430731 0,8460569

Mass Density KG/CUM 782,2353 782,2353 782,2353 782,2353 787,6975 787,5825 789,5758 13,16467 13,39968 13,86231

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,05981 18,07327 18,02192 15,63392 15,89385 16,38461

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 4,15E-05 2,40E-05 1,05E-12 2,75E-05 1,41E-12 1,09E-05

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 2,92E-06 1,05E-05 3,77E-19 1,01E-05 2,69E-18 2,50E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 3,27E-07 2,62E-06 1,01E-25 1,69E-06 1,09E-24 9,33E-06

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 6,26E-10 8,78E-07 1,35E-32 5,60E-09 2,54E-31 5,43E-06

HYDRO-01 KMOL/SEC 0 0 0 0 1,46E-06 1,43E-06 1,43E-06 4,97E-04 1,00E-03 0,000332675

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 1,57E-02 0,0163883 1,36E-02 2,27E-03 0,00397019 0,00163561

CARBO-01 KMOL/SEC 0 0 0 0 5,44E-07 6,59E-07 8,09E-10 0,000200229 6,15E-07 0,000166392

CARBO-02 KMOL/SEC 0 0 0 0 6,76E-07 0 3,43E-06 3,16E-05 0,000330052 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,0157084 0,0164283 0,0136467 0,00303725 0,00530112 0,0021854

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,2836691 0,2967362 0,2459167 0,0503308 0,0880833 0,0372638

Volume Flow CUM/HR 1,56421 1,56421 1,56421 1,56421 1,31859 1,379079 1,14042 12,94136 22,59888 9,279857

Temperature K 493 493 493 493 493 493 493 493 493 493

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -270530000 -270530000 -270530000 -270530000 -270850000 -270890000 -271040000 -189260000 -200030000 -189220000

Mass Enthalpy J/KG -14806000 -14806000 -14806000 -14806000 -14999000 -14997000 -15041000 -11421000 -12038000 -11097000

Enthalpy Flow WATT -4945300 -4945300 -4945300 -4945300 -4254700 -4450200 -3698900 -574840 -1060400 -413520

Molar Entropy J/KMOL-K -125840 -125840 -125840 -125840 -125310 -125360 -125270 -35949,11 -40372,06 -38250,86

Mass Entropy J/KG-K -6887,025 -6887,025 -6887,025 -6887,025 -6939,279 -6940,169 -6951,915 -2169,376 -2429,713 -2243,283

Molar Density KMOL/CUM 42,07036 42,07036 42,07036 42,07036 42,88698 42,88527 43,0792 0,8448967 0,8444678 0,8477962

Mass Density KG/CUM 768,6949 768,6949 768,6949 768,6949 774,4704 774,6111 776,2934 14,00093 14,03166 14,45602

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,0584 18,0624 18,02014 16,57118 16,61598 17,05129
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Table 7. Simulation results at flowrate 0.334 kg/s, temperature 503 K and pressure 32 bar. 

 

 
 

 

Table 8. Simulation results at flowrate 0.834 kg/s, temperature 483 K and pressure 32 bar. 

 

 
 

 

 

 

 

 

 

 

 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 2,81E-05 1,43E-05 1,79E-14 4,13E-05 1,21E-13 2,06E-05

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 4,46E-06 4,51E-06 2,04E-22 3,13E-05 6,66E-21 3,10E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 7,95E-07 1,10E-06 1,68E-30 7,99E-06 7,91E-29 1,09E-05

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 2,96E-08 3,67E-07 7,06E-39 4,87E-07 5,46E-37 5,94E-06

HYDRO-01 KMOL/SEC 0 0 0 0 6,11E-07 6,13E-07 3,89E-07 0,000338375 0,00100163 0,000333489

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 0,0133709 0,0134863 0,00686387 0,00462019 0,0107479 0,00453759

CARBO-01 KMOL/SEC 0 0 0 0 2,63E-07 2,88E-07 1,03E-10 0,000155219 2,85E-07 0,000166764

CARBO-02 KMOL/SEC 0 0 0 0 1,12E-07 0 8,67E-07 9,23E-06 0,000332951 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,0134052 0,0135075 0,00686512 0,00520409 0,0120827 0,00510625

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,242049 0,2437291 0,1236934 0,0919509 0,2103066 0,0902708

Volume Flow CUM/HR 1,593131 1,593131 1,593131 1,593131 1,145031 1,152076 0,5838534 21,90897 51,04904 21,50739

Temperature K 503 503 503 503 503 503 503 503 503 503

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -269550000 -269550000 -269550000 -269550000 -269920000 -269980000 -270080000 -216400000 -220260000 -215880000

Mass Enthalpy J/KG -14752000 -14752000 -14752000 -14752000 -14949000 -14962000 -14990000 -12248000 -12655000 -12211000

Enthalpy Flow WATT -4927300 -4927300 -4927300 -4927300 -3618300 -3646700 -1854100 -1126200 -2661400 -1102300

Molar Entropy J/KMOL-K -123860 -123860 -123860 -123860 -123390 -123390 -123360 -48288,59 -48711,81 -48266,97

Mass Entropy J/KG-K -6778,801 -6778,801 -6778,801 -6778,801 -6833,412 -6838,389 -6846,595 -2732,955 -2798,644 -2730,263

Molar Density KMOL/CUM 41,30662 41,30662 41,30662 41,30662 42,14634 42,20827 42,32988 0,8551158 0,8520814 0,8547063

Mass Density KG/CUM 754,7403 754,7403 754,7403 754,7403 761,0069 761,6036 762,6852 15,10904 14,83091 15,10993

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,0563 18,04394 18,01766 17,669 17,4055 17,6785

Units FEED FEEDEQUIFEEDPLUGFEEDSTOILSTREAM1LSTREAM2LSTREAM3VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 1,74E-04 1,74E-04 1,74E-04 1,74E-04 1,28E-04 6,96E-05 1,75E-11 4,45E-05 1,23E-11 1,76E-05

ETHAN-01 KMOL/SEC 1,77E-04 1,77E-04 1,77E-04 1,77E-04 1,33E-05 3,61E-05 3,98E-17 2,66E-05 1,64E-16 5,26E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 1,58E-06 9,10E-06 6,95E-23 4,91E-06 4,52E-22 2,07E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 1,93E-09 3,03E-06 5,95E-29 1,10E-08 7,21E-28 1,27E-05

HYDRO-01 KMOL/SEC 0 0 0 0 4,85E-06 4,68E-06 4,98E-06 0,001185 0,002496 0,00083

WATER KMOL/SEC0,045202 0,045202 0,045202 0,045202 0,041828 0,042788 0,038522 0,00297 0,005457 0,002218

CARBO-01 KMOL/SEC 0 0 0 0 1,84E-06 2,13E-06 4,00E-09 4,95E-04 2,22E-06 4,15E-04

CARBO-02 KMOL/SEC 0 0 0 0 2,05E-06 0 1,29E-05 6,33E-05 0,000819 0

Mole Flow KMOL/SEC0,045644 0,045644 0,045644 0,045644 0,04198 0,042912 0,038539 0,004789 0,008774 0,003566

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,758508 0,775565 0,694554 0,075492 0,139446 0,058435

Volume Flow CUM/HR 3,83823 3,83823 3,83823 3,83823 3,467894 3,545068 3,166756 20,45439 37,46405 15,17545

Temperature K 483 483 483 483 483 483 483 483 483 483

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -1,6E+08 -1,8E+08 -1,6E+08

Mass Enthalpy J/KG -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1E+07 -1,1E+07 -1E+07

Enthalpy Flow WATT -1,2E+07 -1,2E+07 -1,2E+07 -1,2E+07 -1,1E+07 -1,2E+07 -1E+07 -788620 -1594400 -587360

Molar Entropy J/KMOL-K -127810 -127810 -127810 -127810 -127260 -127320 -127200 -26540,2 -33749,1 -29530,7

Mass Entropy J/KG-K -6994,82 -6994,82 -6994,82 -6994,82 -7043,4 -7044,5 -7057,91 -1683,64 -2123,41 -1802,35

Molar Density KMOL/CUM42,81141 42,81141 42,81141 42,81141 43,57876 43,57721 43,81197 0,84287 0,843073 0,846057

Mass Density KG/CUM 782,2353 782,2353 782,2353 782,2353 787,4028 787,5825 789,5758 13,28668 13,39968 13,86231

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,0685 18,07327 18,02192 15,76361 15,89385 16,38461
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Table 9. Simulation results at flowrate 0.834 kg/s, temperature 493 K and pressure 32 bar. 

 

 
 

 

Table 10. Simulation results at flowrate 0,834 kg/s, temperature 503 K and pressure 32 bar. 

 

 
 

 

 

Units FEED FEEDEQUIFEEDPLUGFEEDSTOILSTREAM1LSTREAM2LSTREAM3VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 1,74E-04 1,74E-04 1,74E-04 1,74E-04 1,12E-04 5,99E-05 2,62E-12 6,09E-05 3,52E-12 2,73E-05

ETHAN-01 KMOL/SEC 1,77E-04 1,77E-04 1,77E-04 1,77E-04 1,74E-05 2,62E-05 9,41E-19 4,91E-05 6,72E-18 6,25E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 2,63E-06 6,53E-06 2,52E-25 1,11E-05 2,71E-24 2,33E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 3,04E-08 2,19E-06 3,37E-32 2,21E-07 6,34E-31 1,36E-05

HYDRO-01 KMOL/SEC 0 0 0 0 3,64E-06 3,56E-06 3,57E-06 0,001008 0,002498 0,000831

WATER KMOL/SEC0,045202 0,045202 0,045202 0,045202 0,040095 0,040922 0,034064 0,00477 0,009914 0,004084

CARBO-01 KMOL/SEC 0 0 0 0 1,48E-06 1,65E-06 2,02E-09 4,44E-04 1,54E-06 4,15E-04

CARBO-02 KMOL/SEC 0 0 0 0 1,03E-06 0 8,57E-06 3,94E-05 0,000824 0

Mole Flow KMOL/SEC0,045644 0,045644 0,045644 0,045644 0,040233 0,041022 0,034076 0,006383 0,013237 0,005457

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,72697 0,740952 0,614055 0,10703 0,219945 0,093048

Volume Flow CUM/HR 3,905842 3,905842 3,905842 3,905842 3,380716 3,44357 2,847634 27,15032 56,42957 23,17186

Temperature K 493 493 493 493 493 493 493 493 493 493

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -1,9E+08 -2E+08 -1,9E+08

Mass Enthalpy J/KG -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,1E+07 -1,2E+07 -1,1E+07

Enthalpy Flow WATT -1,2E+07 -1,2E+07 -1,2E+07 -1,2E+07 -1,1E+07 -1,1E+07 -9236100 -1209100 -2647700 -1032600

Molar Entropy J/KMOL-K -125840 -125840 -125840 -125840 -125330 -125360 -125270 -36862,5 -40372,1 -38250,9

Mass Entropy J/KG-K -6887,03 -6887,03 -6887,03 -6887,03 -6936,3 -6940,17 -6951,92 -2198,41 -2429,71 -2243,28

Molar Density KMOL/CUM42,07036 42,07036 42,07036 42,07036 42,84273 42,88527 43,0792 0,846363 0,844468 0,847796

Mass Density KG/CUM 768,6949 768,6949 768,6949 768,6949 774,1236 774,6111 776,2934 14,19166 14,03166 14,45602

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06896 18,0624 18,02014 16,76783 16,61598 17,05129

Units FEED FEEDEQUIFEEDPLUGFEEDSTOILSTREAM1LSTREAM2LSTREAM3VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 1,74E-04 1,74E-04 1,74E-04 1,74E-04 8,20E-05 3,58E-05 4,47E-14 9,18E-05 3,02E-13 5,14E-05

ETHAN-01 KMOL/SEC 1,77E-04 1,77E-04 1,77E-04 1,77E-04 1,83E-05 1,13E-05 5,11E-22 9,72E-05 1,66E-20 7,75E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 3,67E-06 2,74E-06 4,20E-30 2,79E-05 1,97E-28 2,71E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 2,91E-07 9,15E-07 1,76E-38 3,61E-06 1,36E-36 1,48E-05

HYDRO-01 KMOL/SEC 0 0 0 0 1,55E-06 1,53E-06 9,71E-07 0,000649 0,002501 0,000833

WATER KMOL/SEC0,045202 0,045202 0,045202 0,045202 0,03561 0,033675 0,017139 0,009379 0,026838 0,01133

CARBO-01 KMOL/SEC 0 0 0 0 6,88E-07 7,18E-07 2,58E-10 3,07E-04 7,11E-07 4,16E-04

CARBO-02 KMOL/SEC 0 0 0 0 1,81E-07 0 2,16E-06 1,14E-05 0,000831 0

Mole Flow KMOL/SEC0,045644 0,045644 0,045644 0,045644 0,035717 0,033728 0,017142 0,010566 0,030171 0,01275

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,645271 0,608593 0,308863 0,188729 0,525137 0,225407

Volume Flow CUM/HR 3,978058 3,978058 3,978058 3,978058 3,053844 2,876739 1,457885 44,39412 127,4698 53,70408

Temperature K 503 503 503 503 503 503 503 503 503 503

Pressure N/SQM 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000 3200000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,7E+08 -2,2E+08 -2,2E+08 -2,2E+08

Mass Enthalpy J/KG -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,5E+07 -1,2E+07 -1,3E+07 -1,2E+07

Enthalpy Flow WATT -1,2E+07 -1,2E+07 -1,2E+07 -1,2E+07 -9639800 -9105900 -4629700 -2295100 -6645500 -2752500

Molar Entropy J/KMOL-K -123860 -123860 -123860 -123860 -123400 -123390 -123360 -49415,2 -48711,8 -48267

Mass Entropy J/KG-K -6778,8 -6778,8 -6778,8 -6778,8 -6830,46 -6838,39 -6846,6 -2766,57 -2798,64 -2730,26

Molar Density KMOL/CUM41,30662 41,30662 41,30662 41,30662 42,10465 42,20827 42,32988 0,856832 0,852081 0,854706

Mass Density KG/CUM 754,7403 754,7403 754,7403 754,7403 760,6731 761,6036 762,6852 15,30435 14,83091 15,10993

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06625 18,04394 18,01766 17,86154 17,4055 17,6785
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Table 11. Simulation results at flowrate 0.334 kg/s, temperature 493 K and pressure 45 bar. 

 

 
 

 

Table 12. Simulation results at flowrate 0.334 kg/s, temperature 503 K and pressure 45 bar. 

 

 
 

 

 

 

 

 

 

 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 5,20E-05 2,98E-05 4,51E-11 1,60E-05 2,13E-11 5,09E-06

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 3,29E-07 1,88E-05 5,98E-16 5,30E-07 1,51E-15 1,68E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 5,34E-09 5,11E-06 5,90E-21 1,29E-08 2,25E-20 6,84E-06

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 0,00E+00 1,90E-06 2,90E-26 0,00E+00 1,95E-25 4,41E-06

HYDRO-01 KMOL/SEC 0 0 0 0,00E+00 4,13E-06 3,87E-06 4,15E-06 0,000640362 0,000996674 0,000330233

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 0,0167135 0,0173731 0,0159885 0,00111707 0,00162443 0,000650741

CARBO-01 KMOL/SEC 0 0 0 0,00E+00 8,77E-07 1,78E-06 5,63E-09 1,48E-04 1,48E-06 0,000165266

CARBO-02 KMOL/SEC 0 0 0 0,00E+00 5,16E-06 0,00E+00 9,67E-06 1,11E-04 0,000322946 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,016776 0,0174344 0,0160023 0,00203221 0,00294553 0,00117933

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,3030422 0,3153092 0,288472 0,0309578 0,0455279 0,0186907

Volume Flow CUM/HR 1,56421 1,56421 1,56421 1,56421 1,409548 1,467502 1,338391 6,303996 9,124358 3,643582

Temperature K 493 493 493 493 493 493 493 493 493 493

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -270530000 -270530000 -270530000 -270530000 -270800000 -270780000 -271030000 -158450000 -170900000 -149950000

Mass Enthalpy J/KG -14806000 -14806000 -14806000 -14806000 -14991000 -14972000 -15035000 -10401000 -11057000 -9461100

Enthalpy Flow WATT -4945200 -4945200 -4945200 -4945200 -4543000 -4721000 -4337000 -322000 -503380 -176840

Molar Entropy J/KMOL-K -125900 -125900 -125900 -125900 -125290 -125420 -125240 -26131,86 -32361,75 -25999,35

Mass Entropy J/KG-K -6890,676 -6890,676 -6890,676 -6890,676 -6935,773 -6934,994 -6947,606 -1715,415 -2093,712 -1640,48

Molar Density KMOL/CUM 42,07036 42,07036 42,07036 42,07036 42,84628 42,7693 43,0431 1,160529 1,162154 1,165226

Mass Density KG/CUM 768,6949 768,6949 768,6949 768,6949 773,9726 773,5002 775,9312 17,67897 17,96299 18,46722

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06394 18,08541 18,02685 15,23354 15,45664 15,84862

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 4,72E-05 2,77E-05 1,25E-11 2,12E-05 9,21E-12 7,19E-06

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 9,79E-07 1,59E-05 4,57E-17 2,10E-06 1,63E-16 1,96E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 5,00E-08 4,31E-06 1,20E-22 1,54E-07 6,21E-22 7,64E-06

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 7,39E-11 1,62E-06 1,61E-28 3,74E-10 1,38E-27 4,69E-06

HYDRO-01 KMOL/SEC 0 0 0 0,00E+00 3,64E-06 3,47E-06 3,62E-06 0,000607582 0,00099751 0,000330635

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 0,0161578 0,0169896 0,0150539 0,00169786 0,00255867 0,00103433

CARBO-01 KMOL/SEC 0 0 0 0,00E+00 9,23E-07 1,62E-06 3,96E-09 1,65E-04 1,17E-06 0,000165426

CARBO-02 KMOL/SEC 0 0 0 0,00E+00 3,58E-06 0,00E+00 7,83E-06 8,98E-05 0,000325093 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,0162141 0,0170442 0,0150654 0,00258333 0,00388244 0,00156955

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,2928382 0,3081244 0,2715539 0,0411618 0,0624461 0,0258756

Volume Flow CUM/HR 1,593131 1,593131 1,593131 1,593131 1,386542 1,459549 1,282544 7,991647 12,00124 4,833734

Temperature K 503 503 503 503 503 503 503 503 503 503

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -269550000 -269550000 -269550000 -269550000 -269840000 -269830000 -270060000 -175790000 -186550000 -171090000

Mass Enthalpy J/KG -14752000 -14752000 -14752000 -14752000 -14941000 -14926000 -14982000 -11032000 -11598000 -10378000

Enthalpy Flow WATT -4927300 -4927300 -4927300 -4927300 -4375200 -4599100 -4068500 -454110 -724270 -268540

Molar Entropy J/KMOL-K -123930 -123930 -123930 -123930 -123360 -123460 -123320 -32468,46 -37613,42 -33460,24

Mass Entropy J/KG-K -6782,849 -6782,849 -6782,849 -6782,849 -6830,208 -6829,521 -6841,612 -2037,733 -2338,528 -2029,606

Molar Density KMOL/CUM 41,30662 41,30662 41,30662 41,30662 42,09824 42,03987 42,2875 1,163714 1,164613 1,168943

Mass Density KG/CUM 754,7403 754,7403 754,7403 754,7403 760,3214 759,9934 762,2302 18,54218 18,7319 19,27128

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06064 18,07792 18,02495 15,93362 16,08423 16,48607
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Table 13. Simulation results at flowrate 0.334 kg/s, temperature 513 K and pressure 45 bar. 

 

 
 

 

Table 14. Simulation results at flowrate 0.834 kg/s, temperature 493 K and pressure 45 bar. 

 

 
 

 

 

 

 

 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 6,98E-05 6,98E-05 6,98E-05 6,98E-05 3,94E-05 2,37E-05 1,79E-12 2,95E-05 2,59E-12 1,12E-05

ETHAN-01 KMOL/SEC 7,10E-05 7,10E-05 7,10E-05 7,10E-05 2,43E-06 1,16E-05 1,01E-18 7,92E-06 6,46E-18 2,39E-05

PROPANOL KMOL/SEC 2,39E-05 2,39E-05 2,39E-05 2,39E-05 2,21E-07 3,12E-06 4,00E-25 9,93E-07 3,55E-24 8,83E-06

N-BUT-01 KMOL/SEC 1,26E-05 1,26E-05 1,26E-05 1,26E-05 1,03E-10 1,17E-06 8,19E-32 7,18E-10 1,14E-30 5,14E-06

HYDRO-01 KMOL/SEC 0 0 0 0 2,63E-06 2,58E-06 2,49E-06 0,000538339 0,000999006 0,00033152

WATER KMOL/SEC 0,0181022 0,0181022 0,0181022 0,0181022 0,0150757 0,0161185 0,0129658 0,0028234 0,0046464 0,00190542

CARBO-01 KMOL/SEC 0 0 0 0 8,39E-07 1,23E-06 1,90E-09 0,000180853 8,05E-07 0,000165823

CARBO-02 KMOL/SEC 0 0 0 0 1,72E-06 0 5,02E-06 5,75E-05 0,000328277 0

Mole Flow KMOL/SEC 0,0182796 0,0182796 0,0182796 0,0182796 0,015123 0,0161619 0,0129734 0,00363845 0,00597448 0,0024518

Mass Flow KG/SEC 0,334 0,334 0,334 0,334 0,2730863 0,2919902 0,2338101 0,0609136 0,1001899 0,0420097

Volume Flow CUM/HR 1,624158 1,624158 1,624158 1,624158 1,317268 1,408546 1,125028 11,13818 18,3005 7,477441

Temperature K 513 513 513 513 513 513 513 513 513 513

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -268540000 -268540000 -268540000 -268540000 -268860000 -268880000 -269070000 -195740000 -203820000 -194190000

Mass Enthalpy J/KG -14697000 -14697000 -14697000 -14697000 -14889000 -14883000 -14930000 -11692000 -12154000 -11333000

Enthalpy Flow WATT -4908900 -4908900 -4908900 -4908900 -4066000 -4345700 -3490700 -712190 -1217700 -476110

Molar Entropy J/KMOL-K -121950 -121950 -121950 -121950 -121430 -121500 -121400 -40606,46 -44038,76 -41994,36

Mass Entropy J/KG-K -6674,238 -6674,238 -6674,238 -6674,238 -6724,615 -6724,994 -6736,065 -2425,475 -2626,1 -2450,896

Molar Density KMOL/CUM 40,51751 40,51751 40,51751 40,51751 41,3301 41,30724 41,51386 1,175993 1,175276 1,180412

Mass Density KG/CUM 740,3219 740,3219 740,3219 740,3219 746,3256 746,2763 748,1736 19,68807 19,70896 20,22553

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,05768 18,06648 18,02226 16,74165 16,76964 17,13429

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 1,74E-04 1,74E-04 1,74E-04 1,74E-04 1,36E-04 7,45E-05 1,13E-10 3,67E-05 5,33E-11 1,27E-05

ETHAN-01 KMOL/SEC 1,77E-04 1,77E-04 1,77E-04 1,77E-04 7,71E-06 4,69E-05 1,49E-15 1,09E-05 3,76E-15 4,18E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 5,50E-07 1,28E-05 1,47E-20 1,17E-06 5,62E-20 1,71E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 0,00E+00 4,74E-06 7,25E-26 0,00E+00 4,86E-25 1,10E-05

HYDRO-01 KMOL/SEC 0 0 0 0,00E+00 1,01E-05 9,66E-06 1,04E-05 0,00138585 0,0024887 0,000824593

WATER KMOL/SEC 0,0452015 0,0452015 0,0452015 0,0452015 0,0421832 0,0433809 0,0399234 0,00249233 0,00405621 0,00162491

CARBO-01 KMOL/SEC 0 0 0 0,00E+00 3,10E-06 4,46E-06 1,41E-08 4,60E-04 3,69E-06 0,000412671

CARBO-02 KMOL/SEC 0 0 0 0,00E+00 7,87E-06 0,00E+00 2,41E-05 0,000148876 0,000806399 0

Mole Flow KMOL/SEC 0,0456444 0,0456444 0,0456444 0,0456444 0,042348 0,0435339 0,0399579 0,00453563 0,00735501 0,0029448

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,7651263 0,787329 0,7203163 0,0688741 0,1136837 0,046671

Volume Flow CUM/HR 3,905842 3,905842 3,905842 3,905842 3,559839 3,664361 3,34197 14,07704 22,78358 9,098046

Temperature K 493 493 493 493 493 493 493 493 493 493

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -270530000 -270530000 -270530000 -270530000 -270780000 -270780000 -271030000 -153700000 -170900000 -149950000

Mass Enthalpy J/KG -14806000 -14806000 -14806000 -14806000 -14987000 -14972000 -15035000 -10122000 -11057000 -9461100

Enthalpy Flow WATT -12348000 -12348000 -12348000 -12348000 -11467000 -11788000 -10830000 -697120 -1257000 -441560

Molar Entropy J/KMOL-K -125900 -125900 -125900 -125900 -125310 -125420 -125240 -24194,51 -32361,75 -25999,35

Mass Entropy J/KG-K -6890,676 -6890,676 -6890,676 -6890,676 -6935,79 -6934,994 -6947,606 -1593,304 -2093,712 -1640,48

Molar Density KMOL/CUM 42,07036 42,07036 42,07036 42,07036 42,82584 42,7693 43,0431 1,159923 1,162154 1,165226

Mass Density KG/CUM 768,6949 768,6949 768,6949 768,6949 773,7582 773,5002 775,9312 17,61357 17,96299 18,46722

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06755 18,08541 18,02685 15,18512 15,45664 15,84862
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Table 15. Simulation results at flowrate 0.834 kg/s, temperature 503 K and pressure 45 bar. 

 

 
 

 

 

 

Table 16. Simulation results at flowrate 0.834 kg/s, temperature 513 K and pressure 45 bar. 

 

 

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 0,000174389 0,000174389 0,000174389 0,000174389 1,25E-04 6,92E-05 3,12E-11 4,80E-05 2,30E-11 1,80E-05

ETHAN-01 KMOL/SEC 0,000177412 0,000177412 0,000177412 1,77E-04 1,15E-05 3,97E-05 1,14E-16 2,11E-05 4,07E-16 4,90E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 1,13E-06 1,08E-05 3,00E-22 2,97E-06 1,55E-21 1,91E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 0,00E+00 4,03E-06 4,02E-28 0,00E+00 3,44E-27 1,17E-05

HYDRO-01 KMOL/SEC 0 0 0 0,00E+00 8,99E-06 8,66E-06 9,04E-06 0,00128367 0,00249079 0,000825598

WATER KMOL/SEC 0,0452015 0,0452015 0,0452015 0,0452015 0,041023 0,0424231 0,0375898 0,00370365 0,00638901 0,00258273

CARBO-01 KMOL/SEC 0 0 0 0,00E+00 3,00E-06 4,06E-06 9,89E-09 4,57E-04 2,93E-06 0,00041307

CARBO-02 KMOL/SEC 0 0 0 0,00E+00 5,53E-06 0,00E+00 1,96E-05 0,000118777 0,000811759 0

Mole Flow KMOL/SEC 0,0456444 0,0456444 0,0456444 0,0456444 0,0411777 0,0425595 0,0376185 0,00563509 0,00969448 0,00391916

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,7439759 0,7693884 0,6780717 0,0900246 0,1559283 0,0646116

Volume Flow CUM/HR 3,978058 3,978058 3,978058 3,978058 3,523944 3,644503 3,202521 17,42536 29,96716 12,06987

Temperature K 503 503 503 503 503 503 503 503 503 503

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -269550000 -269550000 -269550000 -269550000 -269810000 -269830000 -270060000 -173190000 -186550000 -171090000

Mass Enthalpy J/KG -14752000 -14752000 -14752000 -14752000 -14934000 -14926000 -14982000 -10841000 -11598000 -10378000

Enthalpy Flow WATT -12303000 -12303000 -12303000 -12303000 -11110000 -11484000 -10159000 -975940 -1808500 -670550

Molar Entropy J/KMOL-K -123930 -123930 -123930 -123930 -123380 -123460 -123320 -31725,27 -37613,42 -33460,24

Mass Entropy J/KG-K -6782,849 -6782,849 -6782,849 -6782,849 -6828,945 -6829,521 -6841,612 -1985,84 -2338,528 -2029,606

Molar Density KMOL/CUM 41,30662 41,30662 41,30662 41,30662 42,06647 42,03987 42,2875 1,164183 1,164613 1,168943

Mass Density KG/CUM 754,7403 754,7403 754,7403 754,7403 760,0328 759,9934 762,2302 18,59869 18,7319 19,27128

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06743 18,07792 18,02495 15,97574 16,08423 16,48607

Units FEED FEEDEQUI FEEDPLUG FEEDSTOI LSTREAM1 LSTREAM2 LSTREAM3 VPRO1 VPRO3 VRPO2

From B6 B6 B6 RPLUG RSTOICK REQUIL RPLUG REQUIL RSTOICK

To B6 REQUIL RPLUG RSTOICK

Substream: MIXED

Phase: Liquid Liquid Liquid Liquid Liquid Liquid Liquid Vapor Vapor Vapor

Component Mole Flow

METHA-01 KMOL/SEC 0,000174389 0,000174389 0,000174389 0,000174389 0,0001075 5,93E-05 4,46E-12 6,56E-05 6,45E-12 2,79E-05

ETHAN-01 KMOL/SEC 0,000177412 0,000177412 0,000177412 0,000177412 1,61E-05 2,91E-05 2,53E-18 4,27E-05 1,61E-17 5,96E-05

PROPANOL KMOL/SEC 5,97E-05 5,97E-05 5,97E-05 5,97E-05 2,23E-06 7,79E-06 9,99E-25 8,14E-06 8,87E-24 2,21E-05

N-BUT-01 KMOL/SEC 3,15E-05 3,15E-05 3,15E-05 3,15E-05 6,59E-09 2,92E-06 2,05E-31 3,73E-08 2,85E-30 1,28E-05

HYDRO-01 KMOL/SEC 0 0 0 0 6,57E-06 6,45E-06 6,22E-06 0,00109517 0,00249453 0,000827808

WATER KMOL/SEC 0,0452015 0,0452015 0,0452015 0,0452015 0,0388578 0,040248 0,0323759 0,00595486 0,011602 0,00475785

CARBO-01 KMOL/SEC 0 0 0 0 2,47E-06 3,07E-06 4,75E-09 0,000432647 2,01E-06 0,000414062

CARBO-02 KMOL/SEC 0 0 0 0 2,74E-06 0 1,25E-05 7,44E-05 0,00081971 0

Mole Flow KMOL/SEC 0,0456444 0,0456444 0,0456444 0,0456444 0,0389954 0,0403565 0,0323946 0,00767357 0,0149183 0,00612215

Mass Flow KG/SEC 0,834 0,834 0,834 0,834 0,704559 0,7291014 0,5838251 0,129441 0,2501749 0,1048986

Volume Flow CUM/HR 4,055533 4,055533 4,055533 4,055533 3,400209 3,517149 2,809201 23,45444 45,69646 18,67121

Temperature K 513 513 513 513 513 513 513 513 513 513

Pressure N/SQM 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000 4500000

Vapor Fraction 0 0 0 0 0 0 0 1 1 1

Liquid Fraction 1 1 1 1 1 1 1 0 0 0

Solid Fraction 0 0 0 0 0 0 0 0 0 0

Molar Enthalpy J/KMOL -268540000 -268540000 -268540000 -268540000 -268840000 -268880000 -269070000 -195150000 -203820000 -194190000

Mass Enthalpy J/KG -14697000 -14697000 -14697000 -14697000 -14879000 -14883000 -14930000 -11569000 -12154000 -11333000

Enthalpy Flow WATT -12257000 -12257000 -12257000 -12257000 -10483000 -10851000 -8716300 -1497500 -3040700 -1188900

Molar Entropy J/KMOL-K -121950 -121950 -121950 -121950 -121450 -121500 -121400 -40954,98 -44038,76 -41994,36

Mass Entropy J/KG-K -6674,238 -6674,238 -6674,238 -6674,238 -6722,021 -6724,994 -6736,065 -2427,908 -2626,1 -2450,896

Molar Density KMOL/CUM 40,51751 40,51751 40,51751 40,51751 41,28679 41,30724 41,51386 1,177809 1,175276 1,180412

Mass Density KG/CUM 740,3219 740,3219 740,3219 740,3219 745,9578 746,2763 748,1736 19,86778 19,70896 20,22553

Average Molecular Weight 18,27165 18,27165 18,27165 18,27165 18,06771 18,06648 18,02226 16,86842 16,76964 17,13429


