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Abstract 

The formation of gas hydrates is crucial to many technological applications including energy 

production, energy storage, desalination, and CO2 capture. Kinetic hydrate inhibitor (KHI) 

chemicals have been used industrially for over 25 years to suppress hydrate formation in key 

industrial applications. However the mechanisms by which they operate, and specifically 

whether they delay nucleation or just retard growth, remain open questions. Here induction 

time probability distributions for methane hydrates were measured at several constant 

subcoolings as a function of KHI concentration. This allowed the hydrate nucleation and 

growth rates at each condition to be separately quantified through the observed induction times 

and initial gas consumption rates, respectively. Adding a KHI produces a Gamma-distribution 

of induction times, characterized by two parameters: nucleation rate and the average number 

of events associated with detection. This is qualitatively different to the exponential 

distributions of induction time probabilities observed in systems without any KHI. These data 

reveal how KHIs both increase the nucleation work required to form a critical nuclei and 

increase the effective number of sites where nucleation could occur. By showing 

unambiguously how KHIs delay hydrate nucleation at low subcoolings, this work opens 

systematic pathways for developing improved chemicals for either hydrate inhibition or 

promotion. The approach to inhibitor testing demonstrated here may also help natural gas 

producers assess the costs and benefits of competing designs for hydrate management. 

 



2 
 

1.0 Introduction 

Clathrate hydrates are crystalline solid compounds in which small molecules such as methane 

and carbon dioxide are enclathrated within cages formed by hydrogen bonded networks of 

water molecules [1]. If hydrate particles form within a subsea oil and gas pipeline and 

subsequently agglomerate or deposit, a blockage can occur, disrupting production and creating 

potential safety hazards. Efforts to remediate such hydrate blockages (such as depressurisation) 

are costly and can be risky as discussed, for example, by Sloan et al. [2]. 

Over the last few decades, low dosage hydrate inhibitors (LDHI) have been used in oil and gas 

production operations to reduce the risk of hydrate blockages [3, 4]. One class of LDHI, which 

are typically injected at loadings of (0.5 to 2) wt% of the liquid phase, are kinetic hydrate 

inhibitors (KHIs) [3]. These are long-chained, low molecular weight polymers that are known 

to suppress hydrate formation at dosages 30 times lower than usually required for 

thermodynamic inhibitors such as mono-ethylene glycol or methanol. The opportunity to 

reduce hydrate blockage risks at significantly reduced inhibitor dosage rates has multiple 

potential benefits in industrial settings including capital cost reductions [5], lower 

environmental impact [6, 7] and increased safety [8].  

Although KHIs have been used successfully in both industrial trials [9-11] and in operating 

production systems [12-14], the mechanism by which they inhibit hydrate formation remains a 

subject of debate [4]. Unlike thermodynamic inhibitors, KHIs do not significantly affect the 

conditions of hydrate phase equilibrium; instead they inhibit formation by delaying nucleation 

onset and/or decreasing growth rate [15-17]. However, quantification of KHI performance can 

be challenging because hydrate formation is stochastic and remains so in the presence of a KHI 

[1, 16-21]. Experimentally resolving the relative contributions of nucleation delay and growth 

rate suppression to the KHI’s performance is even more difficult. An ability to quantitatively 
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characterize these relative contributions would enable scientists and engineers to: (i) 

understand the mechanisms by which KHIs suppress formation, (ii) select the most suitable 

KHI for a given operational scenario, and (iii) develop KHIs with significantly improved 

performance. 

To accurately characterize and quantify inherently stochastic phenomena, statistically 

significant datasets constructed from large numbers of independent hydrate formation events 

must be obtained. While such measurements are typically not practical with conventional 

apparatus such as autoclaves and rocking cells (due to their slow cooling rates; e.g. [22]), the 

recently developed  high pressure, stirred, automated lag time apparatus (HPS-ALTA) has 

demonstrated the ability to generate high-resolution formation probability distributions in 

practical time frames that exhibit both repeatability and consistency with theory [16, 17, 23]. 

At constant pressure, the difference between the hydrate equilibrium temperature, Te, and the 

actual formation temperature, Tf, is known as the system’s subcooling, ΔT = Te - Tf. This 

difference is central to both the likelihood of hydrate formation (because it is proportional to 

the Gibbs energy driving force for nucleation [24]) and the quantification of a KHI’s 

performance [16, 17, 21, 25]. Lim et al. recently conducted ramped temperature experiments 

in multiple HPS-ALTA cells to characterize formation probability as a function of subcooling 

for various KHI loadings [17]. The standard deviations of the observed subcooling probability 

distributions were reduced by the presence of a KHI demonstrating its ability to render hydrate 

formation more deterministic [16, 17]. The high resolution probability distributions collected 

were compared with the predictions of the hydrate formation model developed by Kashchiev 

and Firoozabadi using classical nucleation theory (CNT) [26]. However, while the ramped 

temperature experiments allowed for robust relative measures of inhibition performance as a 

function of KHI loading, the extent to which the resultant probability distributions can be 
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compared with theory is likely limited by rate-dependent phenomena (e.g. as shown by 

Kulkarni et al. [27]).  

Accordingly, in this work we focussed on experiments carried out at fixed subcooling (fixed 

temperature and pressure) and measured the induction time, t, required for hydrates to form at 

that subcooling. Previous gas hydrate induction time data measured in the absence of a KHI 

[21, 23, 28] exhibit good agreement with the CNT model, which predicts exponentially 

distributed induction times [29]: 

 

 𝑃 = 1 − exp(−𝐽 𝑡) (1) 

 

Here, P is the cumulative formation probability and J is the nucleation rate. Beyond hydrate 

formation, equation (1) has been shown to apply to solid nucleation in multiple physical 

systems [27, 30, 31] including pharmaceutical compounds [32, 33]. Although induction time 

distributions have been reported for gas hydrates in the presence of a KHI, the dosages used in 

those experiments (≤ 0.3 wt% [21, 22]) were lower than those typically employed industrially 

[2, 3]. In this work, induction time distributions for methane hydrate formation were measured 

at several subcoolings and four KHI loadings (up to 3 wt% with respect to the aqueous phase). 

Notably, the induction time probabilities observed at finite KHI concentrations were not 

exponentially distributed and were characterized by long periods without any detectable 

formation. We show that this inconsistency with equation (1) not only offers insight into the 

mechanism by which KHIs affect hydrate formation but could also have significant 

implications for risk-based approaches to industrial hydrate management using KHIs. 
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2.0 Experimental Apparatus & Method 

 

Induction time distributions were measured using 2nd generation HPS-ALTA cells using the 

method described previously [23, 34]. The depth and diameter of each cell’s internal, 

cylindrical well were both 2.4 cm, yielding a total internal volume of 10.9 cm3. Rapid, repeated 

cooling and heating of the cell into and out of the hydrate equilibrium region was achieved 

using six thermoelectric Peltier elements mounted between the exterior side walls of the 

hexagonal cell and coolant blocks. Each of the cells was placed on top of a magnetic stirrer, 

allowing the contained fluid to be continuously mixed using a cross-shaped, PTFE-

encapsulated, magnetic flea (volume ≈ 0.8 cm3). An in-line pressure transducer was used to 

measure the system’s absolute pressure while the system temperature was measured using a 

100 Ω Pt resistance temperature detector (RTD) located in the cell wall. Throughout the 

experiment, all HPS-ALTA cells were housed within a stirred air bath set to a fixed temperature 

of 32 °C to provide stable and spatially uniform ambient temperature conditions. Figure 1 

shows a photo and schematic of a single HPS-ALTA cell.  
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Figure 1: (a) Photo and (b) schematic diagram of a HPS-ALTA cell containing a pressure 

transducer (P.T.) and a resistance temperature detector (RTD). For (b), the section in dotted 

lines contains a diagram of the inner well. 

 

As in Lim et al. [17], the KHI used in this work was BASF Luvicap55W (1:1 vinylpyrrolidone: 

vinylcaprolactam copolymers, with molecular weight in the range (2000 to 4000) Da [35]). 

KHI solutions of (0.3, 1, 2 and 3) wt% were prepared with degassed, deionized water using a 

laboratory balance. After preparation, each sample was manually agitated for at least 30 

seconds to ensure uniform dissolution of the KHI. A given cell was loaded with 5 mL of the 

aqueous phase (either degassed, deionized water or KHI solution) and then purged three times 

to 5 MPa with high purity (99.995 %) methane. The cell was then pressurized to 13 MPa at 

20 °C before mixing commenced at 700 rpm, ensuring dissolution of methane into the aqueous 

phase. Once a stable pressure had been reached, the isolation valve was closed and the cell 

heated to 40 °C for 10 minutes. The cell was operated isochorically for the remainder of the 

experiment. The system was cooled at a rate of 3 K.min-1 into the hydrate equilibrium region 
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until the target (formation) temperature, Tf, was reached. The temperature was then held 

constant, enabling the system to stabilise into an isothermal condition.  

Hydrate formation was detected automatically via the pressure reduction associated with gas 

consumption by the growing hydrate phase (Figure 2). Once the pressure reduction had reached 

a critical value (typically 0.5 ± 0.1 MPa, which enabled the initial growth rate to be captured), 

the system was reheated to 40 °C at an average rate of 22 K.min-1. Prior to commencing the 

next cooling cycle, the system remained at 40 °C for 10 minutes to ensure full dissociation of 

the previously formed hydrate (40 °C corresponds to a superheating in excess of 20 K). This 

regeneration procedure has been shown to minimise the likelihood of observing the so-called 

memory effect [16, 23]. This cooling-heating cycle was typically repeated until at least 50 

hydrate formation events had been measured at a given subcooling and KHI loading. The 

methane hydrate equilibrium temperature (Te) was determined at the formation pressure using 

the Cubic Plus Association (CPA) model implemented in the Multiflash 6.2 software package, 

allowing the subcooling ΔT = Te - Tf   to be calculated. 

In the absence of a KHI (referred to hereon as uninhibited experiments), the accessible range 

of subcoolings was limited to (2.3 to 3.7) K due to the operating limits of the HPS-ALTA. For 

subcoolings larger than 3.7 K, hydrates would often form during the cooling pathway (< 102 

seconds after the system entered the equilibrium region), preventing induction time 

measurements at fixed subcooling. For subcoolings below 2.3 K, induction times were 

impractically long (> 2 × 104 seconds). By working in this range of subcooling, the need to set 

maximum limits for induction times [36] was avoided. This small subcooling range gives an 

initial indication of the faster nucleation rates of sI methane hydrates relative to those of the sII 

hydrates formed from the gas mixture studied by Metaxas et al. [23], where the measured 

subcoolings ranged from (6 to 9.8) K. 



8 
 

The range of subcoolings that yield experimentally accessible induction times differs when 

KHI is present in the aqueous phase because of its inhibiting effect. Hydrate formation is then 

measurable within practical time frames only at higher driving forces: e.g. subcooling values 

above 5.3 K for 0.3 wt% KHI and above 6.5 K for 3 wt% (in this work). As a result, hydrate 

formation in the presence of a KHI could be reliably measured up to comparatively high 

subcoolings (up to 13 K for 3 wt%). However, the presence of the KHI also complicated the 

measurement of induction times via the automated method of formation detection described 

previously by Metaxas et al. [23]. Unlike the uninhibited experiments, there was in many cases 

no clear discontinuity (step-change) in the slope of the pressure-time series data obtained in the 

presence of a KHI, which made the formation onset more challenging to detect.   

Accordingly, a modified three-step detection protocol was developed to analyse the raw data, 

with the objective being to identify when the system pressure deviated from its average 

isothermal value by an amount sufficient to infer hydrate formation. An example of this 

modified analysis is shown in Figure 2 for a particular formation measurement. First, data from 

the initial 10% and final 40% of the constant temperature holding period were excised for the 

purpose of estimating the pressure prior to hydrate formation. The former limit eliminated data 

contaminated by the effects of the cooling ramp and the associated fluctuation in the pressure 

prior to stabilisation. The latter limit removed the influence of the post-formation pressure 

reduction. Second, the remaining pressure data (covering the period denoted as tp in Figure 2c) 

were then averaged and used as a reference value from which to detect the onset of hydrate 

formation. Finally, the formation onset condition was identified as the time when the pressure-

time series data met two conditions: (i) a monotonic pressure decrease and (ii) a pressure 

reduction exceeding the noise of the data in the reference period (typically ±0.04 bar). The 

induction time was then determined as the difference between the formation onset condition 

and the time at which the system first reached the target temperature.   
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Figure 2: Examples of induction time analysis for systems (a) without KHI at ΔT = 3.6 K and 

(b) & (c) with 3 wt% KHI at ΔT = 6.4 K. (a) Clear hydrate formation is detected from the 

discontinuity in the pressure-time slope (at 0.755 hr), using the analysis method described by 

Metaxas et al. [23] (b) With KHI, hydrate formation is detected (at 3.49 hr) via the three step 

detection protocol discussed in the text. (c) Enlarged pressure scale for data obtained in the 
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presence of the KHI. The yellow dotted line shown in panel (c) denotes the reference pressure, 

pf (calculated from pressure data over period tp) with a typical pressure noise of ± 0.04 bar. 

Histograms of the induction times were subsequently generated using logarithmically varying 

bin widths (50 bins per decade of induction time) [23]. The histograms were then numerically 

integrated to generate cumulative probability distribution functions (CPDFs), representing the 

distribution of induction times as a function of subcooling and/or KHI loading. 

3.0 Results & Discussion 

3.1 Uninhibited experiments in multiple cells 

Multiple 2nd generation HPS-ALTA cells were used to measure induction times at several 

subcoolings both in the absence and presence of the KHI. The use of multiple cells to study 

various KHI loadings at multiple subcoolings is essential if high resolution data are to be 

acquired in a reasonable time frame. However, as discussed by Lim et al. [17], the interpretation 

of formation probability distributions measured in the presence of KHI requires a robust 

knowledge of each cell’s uninhibited distribution; in the case of the induction time experiments 

considered here, these are additionally dependent on subcooling. Accordingly, induction time 

distributions for methane sI hydrates were obtained in nine cells at two or three subcoolings. 

These uninhibited experiments also enabled a comparison with the KHI-free induction time 

distributions measured by Metaxas et al [23] for a gas mixture using one of the cells (cell IX), 

thus providing quantitative insight into the differences in formation between sI and sII hydrates. 

The induction time CPDFs measured for structure I hydrate from cell I at three fixed 

subcoolings are shown in Figure 3a. Table S1 in the Supplementary Information section shows 

the statistical data associated with the induction time distributions measured for each cell, 

which include the means, standard deviations, minimum and maximum induction times, 



11 
 

number of formation events as well as the nucleation rates calculated from a fit of equation (1) 

to the measured uninhibited CPDFs. 

 

 

Figure 3: (a) Induction time CPDFs for cell I at three different subcoolings (2.3 K, 2.8 K and 

3.7 K). Data points represent the CPDF determined from the experimental data while the curves 

show the fit of equation (1). (b) Induction time CPDFs for all nine cells at fixed a subcooling 

of (3.7 ± 0.1) K where the uncertainty bound in the subcooling  represent the spread in 

subcoolings across the nine shown distributions. 
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As expected, and similar to the case for sII hydrates, shorter induction times were obtained 

with higher subcooling (lower Tf). For Cell I, the statistical means of the induction time 

distributions obtained for subcoolings of (2.3, 2.8 and 3.6) K were (9064, 3078 and 1524) s, 

respectively. For all three subcoolings, the statistical mean and standard deviation of the 

induction time distributions are within 30 % of each other, consistent with the properties of an 

exponential distribution. Both panels of Figure 3 show the results of fitting the CPDFs with an 

exponential distribution as per equation (1). The fit quality across all cells and subcoolings was 

good, indicating that the distributions obtained for pure methane hydrate are consistent with 

the mononuclear nucleation mechanism considered within classical nucleation theory 

(equation (1)). The maximum relative statistical uncertainty in the parameter J extracted from 

any fit was 4%. 

Figure 3b shows both experimental CPDFs and the fitted distributions for all cells at 

(3.7 ± 0.1) K subcooling. The average of the mean induction time at this subcooling across the 

nine cells is (2965 ± 828) s, where the error bound is the standard deviation of the means. The 

mean induction times measured at this subcooling range between 1524 s (for cell I) and 3949 s 

(for cell IV).  These results suggest that the cell-to-cell variation is more apparent for these 

induction time distributions than for the subcooling distributions obtained by Lim et al. [17] 

with the same set of cells. Figure 4 shows the uninhibited nucleation rates extracted for each 

cell as a function of subcooling. 
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Figure 4: Measured nucleation rates, J, plotted against subcooling for uninhibited experiments. 

Triangles represent data obtained for methane hydrates whereas the circles represent the 

nucleation rates measured for the sII forming gas mixture by Metaxas et al. [23] with HPS-

ALTA cell IX.  

Cell IX was used by Metaxas et al. [23] to measure nucleation rates at fixed subcoolings for a 

methane-dominant sII forming gas mixture, providing an opportunity to compare that value 

with the nucleation rates measured for methane hydrates. Figure 4 shows that sI methane 

hydrates have similar nucleation rates to the sII-forming gas mixture hydrates when the 

subcooling is 2.5 to 3 times smaller, indicating that sI hydrates are significantly easier to 

nucleate than sII hydrates. We note that the absolute formation temperatures for the values 

plotted in Figure 4 are comparable for the two structures due to the difference in the equilibrium 

conditions for sI and sII hydrates. However, while nucleation rate does depend on absolute 



14 
 

temperature, it is a much stronger function of subcooling at the conditions shown in Figure 4 

[26].  

3.2 Effect of KHI on Induction Time Distributions 

Eight cells were used to obtain induction time distributions in the presence of a KHI. A total 

of 5,677 methane hydrate induction time measurements were collected at several subcoolings 

in the presence of four Luvicap55W loadings: (0.3, 1.0, 2.0 and 3.0) wt%. Statistical data 

including the mean and standard deviation induction time are summarised in Table S2 of the 

Supplementary Information, with some resultant CPDFs shown in Figure 5.  
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Figure 5: Induction time CPDFs grouped by KHI loading, where each colour represents 

different subcooling applied across multiple cells. Subcoolings decrease from left to right in 
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each panel. The curves shown represent fits of equation (2) to the data, as described in Section 

3.3. 

For each KHI loading, at least two cells were used to measure the hydrate induction time for a 

given subcooling (within 0.2 K), except for the experiments at 0.3 wt%. Figure 5 shows the 

CPDFs grouped by common KHI loadings with higher subcoolings yielding shorter induction 

times. The induction time distributions measured in multiple cells at (1-3) wt% KHI exhibit 

good cell-to-cell consistency, with the biggest difference in induction time distributions 

observed at a subcooling of 8.4 K for cells I and II (mean induction times within 20%).  

To better illustrate the effect of KHI loading, a plot of mean induction time as a function of 

subcooling is shown in Figure 6. The addition of the KHI increases the mean induction time 

for loadings up to 1 wt%. At KHI loadings above 1 wt%, the similarity of the mean induction 

times observed indicates that the inhibiting effect of the chemical has started to saturate, at least 

at these conditions. This result is broadly consistent with the data reported by Kang et al. [20], 

who measured sII hydrate induction times in the presence of polyvinylpyrrolidone (PVP).  
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Figure 6. Mean induction time data plotted against KHI loading. The error bars show the 

standard deviation of the measured induction times.  

There is some indication from these new data that whatever is causing the saturation may lead 

to reduced inhibition performance at 3 wt% as compared to 2 wt%. A possible explanation of 

this effect is that at loadings below 2 wt% there is a sufficient number of adsorption sites in the 

system available to adsorb the polymer. However, at higher loadings the polymers might begin 

interacting [4, 37, 38], (e.g. associating as a result of their functional groups and/or lipophilic 

affinity) forming micelles or even bulk regions of increased local concentration, thereby 

reducing their availability to adsorb to nucleation sites. However, the apparent loading 

dependence needs to be measured with greater resolution before any definitive conclusions can 

be drawn. 

Figure 7 shows the mean induction times plotted as a function of subcooling. For comparison, 

data from the uninhibited experiments are also shown in Figure 7a. Error bars in Figure 7a 

correspond to the standard deviation of the measured induction times. Two observations can 

be made from Figure 7a for a given KHI loading relative to the uninhibited distributions: (1) 
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the variation of mean induction times between cells is lower (compare scatter at equivalent 

subcoolings) and (2) the standard deviation of each distribution is lower (compare error bars). 

This further supports our previous finding [16, 17] that the addition of KHI suppresses the 

stochastic nature of hydrate formation.  

 

Figure 7: (a) Mean induction time plotted against subcooling, where the error bars correspond 

to standard deviations of the measured induction times. (b) Means and standard deviations of 

the induction times for the 2 wt% KHI experiments. 

The mean and standard deviations of the induction time distributions measured for 2 wt% 

Luvicap55W are shown in Figure 7b. At constant KHI loading, consistent decreases in both 

the induction times’ means and standard deviations are observed with increasing subcooling. 

The standard deviation of the induction time distribution is always at least a factor of 1.5 

smaller than the mean, indicating that hydrate formation has become more deterministic. This 

also indicates that the presence of a KHI modifies the nature of the induction time probability 

distribution away from the exponential form shown in equation (1), which is predicted by 

classical nucleation theory for the mononuclear nucleation mechanism [29]. A plot of the mean 

to standard deviation induction time ratio, (μ/σ)t, is shown in Figure 8: for an exponential 

distribution, this ratio should be one. For comparison, Figure 8 also includes results from 
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uninhibited sII hydrate induction time data reported in the literature: Ke et al. who used an 

autoclave [21], Metaxas et al. who used an HPS-ALTA cell [23], and Jeong et al. who used an 

acoustic levitator [28].  

 

Figure 8: The ratio of mean induction time to standard deviation, (μ/σ)t, for sI and sII hydrates 

in the absence (solid symbols) and presence of KHI (unfilled triangles). The dashed line 

indicates a ratio of one, as would be expected for a perfectly exponential distribution. The 

shaded region indicates distributions for which the standard deviation is within a factor of 2 of 

the mean.  

All the KHI-free data measured in this work have (μ/σ)t values in the range of 0.5 to 1.1 and 

lie within the shaded region of Figure 8 corresponding to ½ < (μ/σ)t  < 2. However, the addition 

of KHI leads to values of (μ/σ)t significantly higher than seen for uninhibited experiments (up 

to 6.9 at 3 wt% at 11.3 K subcooling). To describe distributions where the ratio (μ/σ)t  is 
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significantly different from one, a statistical model with two adjustable parameters is required. 

Hence, an alternative to the exponential distribution shown in equation (1), which has only one 

parameter (J), is needed to accurately describe the induction time distributions of hydrates 

formed in the presence of KHI.  

3.3 Describing Induction Time Formation Probabilities with Gamma Distributions 

A minimum requirement of any probability distribution able to describe datasets where the 

ratio (μ/σ)t  differs from one is for its functional form to contain two independent parameters, 

enabling both the mean and standard deviation of the measured induction times to be extracted. 

The Gamma distribution, which is widely used in the description of probabilistic phenomena, 

such as waiting times, the aggregate size of insurance claims, and the amount of rain fall 

accumulated in a reservoir [39, 40], meets this criteria. A random variable, t, (induction time 

in this work) is said to have a Gamma distribution with parameters κ and J when the cumulative 

density function is given by [41]: 

 

 𝐹(𝑡; 𝜅, 𝐽) = 𝐽 𝑡 𝑒Γ(𝜅) 𝑑𝑥 = 1 − 𝑒 (𝐽𝑡)𝑛!  (2) 

 

Here, Γ is the Gamma function (generalisation of the factorial function to complex numbers), 

with the second equality holding if κ is a positive integer [41]. In probability theory, J is often 

referred to as the rate parameter, with the mean of the distribution being (κ / J ); hence in the 

context of hydrate formation induction times, J will correspond to the nucleation rate. The 

generic name for κ is the shape parameter as its value determines the Gamma distribution’s 

width (standard deviation = κ1/2 / J ). When the shape parameter κ = 1, the Gamma distribution 
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reduces to an exponential distribution (equation (1)). When κ is a positive integer and the 

second equality in equation (2) holds, the distribution is known as an Erlang distribution.  

In probability theory, the Gamma distribution is used to predict the wait time required until κ 

events of a process following equation (1) have occurred. Toschev et al. [42] showed that the 

Erlang distribution also follows from classical nucleation theory and describes the probability 

of forming at least κ nuclei after a given period of time. Toschev et al. [42] then used the Erlang 

distribution to fit the probability distributions for the time required to form up to three Hg 

nuclei in electrodeposition experiments. Thus, in the context of detecting hydrate formation, κ 

may refer to the average number of critical nuclei that have already formed.  

The induction time distributions measured at finite KHI loadings were regressed to equation 

(2). Good quality fits were achieved (see Figure 5) and the resulting best-fit values of the 

parameters κ and J are listed in Table S3 of the Supplementary Information and shown in Figure 

9. In all cases the statistical uncertainties of the fitted parameters are smaller than the symbols 

shown, with maximum statistical relative uncertainties of 2.6 % and 1.7 % for κ and J, 

respectively. When the two parameters are allowed to vary in the regression, the optimised 

values of both κ and J obtained generally increase with subcooling, albeit with some scatter. 

The degree of correlation with subcooling increases at higher KHI loading for both parameters 

and particularly κ. Similarly, the best-fit values of κ and J both generally increase with KHI 

loading, with the correlation being strongest at higher subcoolings.  
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Figure 9: Best-fit κ & J parameters extracted by the regression of equation (2) to the 

experimental datasets measured in the presence of KHI. The best-fit values are plotted as a 

function of subcooling in panels (a) & (b), and as a function of KHI loading in panels (c) & 

(d). Filled symbols represent data obtained in the same cell (VI, IV, VIII and I for (0.3, 1, 2 

and 3) wt%, respectively) and unfilled symbols represent data obtained from the rest of the 

cells. 

3.4 Mechanism by which KHIs Delay Hydrate Nucleation 

To interpret the fits of the Gamma distribution to the KHI induction time data, the value of J 

obtained should be considered in terms of the nucleation rate expected for that particular cell 

at the same (high) subcooling in the absence of any KHI. This necessarily requires an 
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extrapolation of the nucleation rates obtained in uninhibited systems to much higher 

subcoolings. To do this, it is convenient to re-arrange equation (3) from CNT (which expresses 

the hydrate nucleation rate as a function of subcooling at fixed pressure) as equation (4) [26]. 

 

 𝐽 = 𝐴 𝑒𝑥𝑝 𝛥𝑠 𝛥𝑇𝑘 𝑇 𝑒𝑥𝑝 − 𝐵𝑇𝛥𝑇  (3) 

 

 ln 𝐽 − 𝛥𝑠 𝛥𝑇𝑘 𝑇 = ln 𝐴 − 𝐵𝑇 𝛥𝑇   (4) 

 

Here, 𝛥𝑠  is the change of entropy at the hydrate dissociation condition (22.2 kB for methane 

hydrate); kB is the Boltzmann constant; A is the kinetic nucleation parameter, which is a 

function of sites available for hydrate to nucleate; and B′ is the thermodynamic nucleation 

parameter, which is proportional to the energy barrier required to form the new (hydrate) phase. 

By setting y = ln 𝐽 −  and x =   , equation (4) can be written in the linearized form 

 𝑦 = ln 𝐴 − 𝐵′10 𝑥 (5) 

 

Linear regression of (x,y) data sets with equation (5), allows values of the kinetic and 

thermodynamic nucleation parameters A and B′ to be estimated, and thus the similarities and 

differences between measurements of various systems with multiple apparatus to be 

investigated. Figure 10 shows the best-fit values of J obtained from fits of the measured 

induction time distributions with either equation (1) for the uninhibited systems or equation (2) 

for the KHI experiments, plotted in the log-linear formulation of equation (5). In this 
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representation it is clear that (i) the uninhibited data sets measured with multiple cells have 

similar slopes and vertical axis intercepts, and (ii) both of these are qualitatively different to 

the slopes and intercepts of the KHI data sets.   

 

Figure 10: (a) A plot of y = 𝑙𝑛 𝐽 −  vs x =   for systems that are either uninhibited 

(filled symbols) or kinetically inhibited (open symbols). The solid black line represents a fit of 

equation (5) to data for all the uninhibited experiments. (b) Expanded view of the KHI data in 

panel (a), with dashed lines showing linear fits to the 1 and 3 wt% KHI datasets.  

An advantage of using equation (5) to determine the A and B′ parameters is that they can be 

estimated from only two nucleation rate measurements and, with increased confidence, through 

comparisons with the trends observed in other cells. In contrast, a direct fit of J values to 

equation (3) by non-linear regression to obtain A and B′ is more difficult and less robust.  

The values of A and B′ extracted from the uninhibited and KHI datasets are given in Table S4 

of the Supplementary Information and shown in Figure 11. Reasonable fits of KHI data are 

obtained for loadings of 1, 2 and 3 wt%, with maximum relative standard uncertainties of 16% 

and 18% obtained for A and B′, respectively. The data measured at 0.3 wt% when x = 0.4 and 

0.63 (corresponding to subcoolings of 7.5 and 9.4 K, respectively) contain appreciable scatter 
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as shown in Figure 10. Nevertheless, the values of both A and B′  obtained at 0.3 wt% are 

consistent with the trend observed in these parameters with increasing KHI loading (as seen in 

Figure 11). 

 

 

Figure 11: (a) Kinetic, A, and (b) thermodynamic, B′, nucleation parameters as a function of 

KHI loading. Black crossed data points represent the fits of the data with all cells at each KHI 

loading to equation (5), whereas coloured data points show the results obtained from a fit to 

data from only one cell (not all cells were used at all KHI loadings).  

The clear differences between the uninhibited and KHI data in slope and vertical axis intercept 

are equivalent, respectively, to an increase in nucleation work, as quantified by B′, and an 

increase in the kinetic nucleation parameter, A. Furthermore, both these parameters increase 

with KHI loading. Together, these results enable a clear interpretation of the mechanism by 

which KHIs impact the heterogeneous nucleation (HEN) of gas hydrates. 

We interpret the increase in the thermodynamic nucleation parameter B′ as the result of the 

KHI polymer adsorbing to those HEN sites in the system which have low nucleation work. The 
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system’s remaining accessible sites will thus be characterized by a higher nucleation work, 

leading to a higher B′. At a fixed subcooling and for a fixed A, this increased B′ would, in 

isolation, lower the system’s nucleation rate. However, the system’s nucleation rate will also 

depend on how the addition of the KHI affects the kinetic parameter, A. 

While the remaining accessible sites in the kinetically-inhibited system have a higher 

nucleation work, they are more numerous than the lower-work HEN sites that were made 

inaccessible by the KHI. This explains why the value of A (like B′) increases monotonically 

with KHI loading. Indeed, at a KHI loading of 3 wt%, the effective value of A is approximately 

200 times larger than that determined for uninhibited systems. This corresponds to there being 

effectively 200 times more nucleation sites, N0, available for critical nuclei formation in the 3 

wt% KHI system than in the uninhibited system (calculated using A = z f N0 [26] assuming that 

the Zeldovich factor, z, and ‘building unit’ attachment frequency, f, remain constant). We 

emphasise that these high work sites are also present in the uninhibited system but do not 

contribute to the observed nucleation rate at low to moderate subcoolings because more 

favourable, lower work HEN sites are available. In other words, the value of A extracted from 

nucleation rates measured at a given subcooling is linked to the value of B′ associated with the 

HEN sites responsible for formation. The impact of KHI addition on a system’s nucleation rate 

is then a balance between the increase in nucleation work required at the remaining accessible 

HEN sites and the increase in the number of sites that can be accessed with sufficient driving 

force.  

The implications of this conceptual picture for the optimal delay of hydrate formation with 

KHIs can be investigated by comparing the nucleation rates measured in the presence of a KHI 

with extrapolated values estimated for the uninhibited system at equivalently high subcoolings. 

This can be done once A and B′  have been determined by fitting equation (5) to the uninhibited 

data and then using equation (5) to estimate a superficial nucleation rate, J0, that might be 
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expected at the higher subcoolings accessed in the KHI experiments. Such a superficial 

estimate assumes that the system’s effective values of A and B′  will not vary with increasing 

subcooling, which is unlikely even for a KHI-free system because as ΔT increases, the number 

of available HEN sites that can effectively facilitate nucleation grows. Nevertheless the 

extrapolation provides an estimate of the minimum possible nucleation rate that might be 

expected at a given subcooling in the absence of a KHI.  

Figure 12 shows comparisons of measured and predicted nucleation rates for cells I and II as a 

function of subcooling. It is apparent that while KHIs increase the mean induction time if the 

subcooling is held constant (Figure 6), the observed nucleation rate for the kinetically inhibited 

system is generally faster than expected based on an extrapolation of the uninhibited system 

(dashed line in Figure 12). Figure S1 of the Supplementary Information shows that at the lowest 

subcoolings tested experimentally (6.4 K and 7.4 K), the average nucleation rates measured for 

all cells with KHI were only slightly lower than the extrapolated value of J0. This result, which 

may seem inconsistent with the results shown in Figure 6, must be interpreted carefully because 

of (i) the higher subcoolings used to obtain robust values of JKHI and (ii) the assumptions made 

in extrapolating J0 to those higher subcoolings. Quantitative insight regarding how kinetic 

inhibitors delay hydrate formation comes from considering the expected value of JKHI at 

subcoolings below about 6 K.  
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Figure 12: Nucleation rates measured for cells I and II with 3 wt% (pink) and without (black) 

KHI. Solid lines show fits of equation (5) for the combined datasets. The dashed portion of the 

black curve highlights the extrapolation of the fit for the uninhibited system.  

The results shown in Figure 12 for the 3 wt% KHI data can be interpreted as follows. At 

moderate subcoolings around (6 to 8) K, the increase in nucleation work (B′) of the accessible 

sites is essentially offset by the fact that more sites with that increased level of nucleation work 

are present. The resulting nucleation rate is then similar to the value extrapolated from the 

uninhibited measurements. At lower subcoolings, the effect of the larger value of A produced 

by the KHI would be substantially mitigated because the driving force for hydrate formation is 

small compared with the increased nucleation work required at those sites. The nucleation rate 

at low subcoolings around (2 to 6) K in the presence of KHI would then be far below that of 

the uninhibited system (making measurements of robust formation probability distributions 
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difficult in practice). However, at higher subcoolings (9 to 12) K, the higher driving force and 

increase in accessible nucleation site number acts to make JKHI much larger than the superficial 

estimate of J for the uninhibited system obtained by extrapolation.  

Finally, it is important to note in the context of future studies that while values of A and B′  

estimated from the constant cooling experiments of Lim et al. [17] exhibit a similar dependence 

on KHI loading to that obtained here, they are about a factor of 1000 and 10 larger, respectively, 

than the values obtained from experiments conducted at constant temperature. This difference 

is likely due to several reasons, including the dynamic effects associated with ramped constant 

cooling experiments as explained previously [23, 27]. Additionally, however, the values of A 

and B′ extracted by Lim et al. [17] were obtained by assuming that the measured hydrate 

formation probability distributions were exponential in nature. The present results reveal that 

this is clearly not the case for systems containing KHIs, and a more complex analysis is needed 

to reliably estimate values of A and B′ from subcooling formation probability distributions 

measured at finite KHI loadings. We also emphasise that the observed induction time 

distributions cannot be explained through the addition of a lag time parameter to equation (1), 

as suggested in [21, 22, 43]. This is shown in Section S2 of the Supplementary Information. 

The use of a lag time represents an unphysical approach to the interpretation of induction time 

data since it neglects any possibility of the formation of a hydrate phase within a certain time 

period, despite the thermodynamic stability of the new phase. 

3.5 Relation to Crystal Growth Inhibition 

In addition to delaying hydrate nucleation, KHIs also suppress the rate at which the hydrate 

crystals grow [4, 15-17, 19, 44-46]. This growth rate suppression is also important for 

prospective industrial operations, and is often given greater consideration in KHI performance 

tests because quantifying formation probability reliably with conventional techniques can be 

difficult.  Importantly the high resolution of data acquired with the HPS-ALTA allows the 
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growth suppression component of a KHI’s performance to be separately quantified from its 

ability to delay nucleation.  

Growth rate histograms are generated from HPS-ALTA data by analysing the pressure drops 

observed immediately after formation onset (Figure 2). These are then converted to the amount 

of gas consumed, Gi, which is considered a proxy for the hydrate growth rate.  

 

 𝐺 = (− 𝑑𝑛𝑑𝑡 ) = 𝑛𝑝 𝑑(𝛿𝑝)𝑑𝑡  (6) 

 

To investigate the impact of KHI loading on initial hydrate growth rate, the data measured 

during the uninhibited experiments were first analysed for all cells. The threshold value of δp 

chosen and the bin width used to construct the histogram at each subcooling were 0.5 bar and 

0.1 μmol·s-1, respectively, as used in ref. [17]. Figure 13(a to c) show that the hydrate growth 

rates observed are stochastic: the distribution of growth rates observed at constant subcooling 

for an individual cell varied from the growth rate distribution measured in another cell at the 

same subcooling. Overall, however, the mean of the initial growth rate distribution increases 

with subcooling. The means and standard deviations of the methane hydrate initial growth rate 

distributions measured for uninhibited systems are listed in Table S5 of the Supplementary 

Information. These range from about (1.5 ± 0.2) µmol·s-1 at 2.3 K subcooling to (3.7 

± 0.5) µmol·s-1 at 3.7 K subcooling. Similar growth rates were measured for sII hydrates 

formed from a natural gas mixture by Metaxas et al. [23] using a single HPS-ALTA cell at 

significantly higher subcoolings ranging from (6 to 9.8) K.  
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Figure 13: (a,b,c) Initial hydrate growth rate (Gi) distributions for methane hydrates in the 

absence of KHI measured for all cells at subcoolings of (2.3, 2.7 and 3.7) ± 0.1 K, where the 

stated uncertainty corresponds to variation between cells. (d,e) Gi measured in the presence of 

1 and 2 wt% KHI at various subcoolings. Different colours represent data obtained at different 

(comparable) subcooling values. The (horizontal) growth rate axes shown in panels (d) and (e) 

have scales 2.6 times smaller than those shown in panels (a), (b) and (c). 

The growth rate histograms obtained at 1 and 2 wt% KHI loadings across various subcoolings 

are shown in Figure 13(d) and (e), respectively. As indicated by Figure 2, the pressure drop 

measured in the presence of the KHI is much lower than observed for the uninhibited data. 

Hence it was necessary to choose a threshold δp = 0.2 bar in equation (6) to ensure the linear 

fit of the pressure-time series data measured post-formation was of adequate quality. Similarly, 
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to better capture the growth rate distributions located in this lower range, the bin size chosen 

to construct the histograms was 0.02 μmol·s-1, some five times smaller than used for the 

uninhibited data. Application of these changes to bin size and δp has no significant effect on 

the growth rate distributions constructed from the uninhibited data. The average hydrate initial 

growth rate increases with subcooling at all KHI loadings, with the means and standard 

deviations of the distributions also given in Table S5 of the Supplementary Information. Figure 

14 shows the initial growth rate data for uninhibited systems and at fixed KHI loading plotted 

against subcooling. Unlike the Gi measured in the uninhibited experiments (e.g. in [23]), the 

mean growth rates do not vary linearly with subcooling over the range (5.3 to 13.2 K). Instead, 

an exponential trend is observed for growth rates measured at finite KHI loading.  

 

Figure 14: Mean initial growth rates (�̅�i) obtained in the uninhibited system and in the presence 

of four KHI loadings. Error bars represent the standard deviation of each initial growth rate 

distribution. 
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Figure 14 reveals the ability of HPS-ALTA experiments to quantify the impact of a KHI on 

initial growth rate, the exponential relationship between initial growth rate and subcooling at 

finite KHI loading, and the relative insensitivity of crystal growth suppression at KHI loadings 

above 1 wt%. Growth rate inhibition data for a given KHI should therefore be used together 

with high-resolution measurements of induction time delay to provide a holistic picture of the 

inhibitor’s performance or when estimating the optimal dosage rate needed for a production 

system.    

4.0 Conclusions 

High-resolution induction time distributions for methane hydrate formation were measured at 

subcoolings ranging from (2.1 to 13.1) K for KHI loadings up to 3 wt %. Over 7600 individual 

measurements of hydrate formation and initial growth rate were obtained using multiple second 

generation HPS-ALTA cells. These extensive datasets reveal clearly that KHIs delay hydrate 

formation as well as inhibit crystal growth and, if analysed within a classical nucleation theory 

(CNT) framework, provide insight into how nucleation is delayed as function of subcooling 

and KHI concentration.   

Induction times measured in the presence of a KHI were no longer exponentially distributed: 

the ratio of a distribution’s mean to its standard deviation increased from about 1 for 

uninhibited experiments to a maximum approaching 7 at the highest KHI loadings and 

subcoolings. The measured induction time distributions could not be described by simply 

translating an exponential distribution by a lag-time parameter, which does not influence the 

distribution width. Excellent fits of the KHI induction time distributions were obtained using 

Gamma distributions with two parameters: the nucleation rate and the average number of 

formation events that have occurred upon detection.  
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The nucleation rates extracted from the Gamma distributions were analysed using a CNT model 

to determine robust values of the kinetic and thermodynamic nucleation parameters for 

methane hydrates that are consistent across multiple HPS-ALTA cells. The observed variation 

of A and B′ with KHI loading suggests the following conceptual picture. KHIs adsorb on and 

prevent access to the relatively small number of nucleation sites with low nucleation work. 

This delays hydrate formation significantly at low subcoolings because the more numerous 

remaining sites have high nucleation work relative to the available driving force. At higher 

subcoolings, the nucleation work barrier becomes increasingly unimportant and formation can 

occur readily on any of the numerous accessible sites with less stochasticity. 

The high resolution measurements of gas hydrate formation possible with HPS-ALTA cells 

allow the distinct contributions of nucleation delay and crystal growth suppression by a KHI 

to be identified and quantified. Both vary with KHI loading and subcooling, with CNT 

providing a framework for predicting induction times at low subcoolings where formation 

cannot be efficiently probed. The ability to quantitatively characterise these separate 

components of inhibition performance should assist with both the optimisation of industrial 

KHI use in given development scenarios, and the development of kinetic inhibitors that are 

more effective, lower cost and/or have smaller environmental impact. 
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Section 1: Supplementary Tables and Figure 
  



Table S1: Induction time distribution statistics for uninhibited methane hydrate at each subcooling (ΔT). Data include experimental cell used, 
(mean (𝑡̅i), standard deviation (σti), minimum and maximum) induction time, number of formation events, N, the formation onset temperature (Tf) 
and pressure (pf). For each dataset, the nucleation rate, J extracted by regression of equation (1) to the measured distribution, and its statistical 
uncertainty, u(J), are also given. 

 

  

Cell ΔT /  
K 

𝒕i / 
 s 

σti /  
s 

Min ti /  
s 

Max ti /  
s 

N 103 J /  
s-1 

103 u(J) / 
s-1 

Tf /  
°C 

pf / MPa 

I 
2.3 9604 10004 161 47629 43 0.101 0.005 12.5 12.4 
2.8 3078 4315 124 20595 102 0.374 0.004 12.0 12.4 
3.6 1524 1805 116 7229 47 0.716 0.013 11.0 12.0 

II 
2.3 20619 33691 164 186973 62 0.078 0.003 12.5 12.3 
2.7 5075 7978 153 49789 86 0.283 0.008 12.0 12.2 
3.7 2184 2544 143 11621 86 0.507 0.010 11.0 12.2 

III 
2.1 6700 11913 103 75814 94 0.207 0.004 12.5 12.0 
2.6 2676 2567 103 18295 160 0.335 0.004 12.0 12.0 
3.6 2222 3144 96 23011 117 0.537 0.009 11.0 12.0 

IV 2.3 6112 6102 166 31758 111 0.148 0.002 12.5 12.2 
3.7 3949 6660 75 42508 140 0.366 0.007 11.0 12.2 

V 
2.2 17203 21550 341 97237 94 0.068 0.001 12.5 12.2 
2.7 12949 20233 320 155722 129 0.090 0.008 12.0 12.2 
3.7 3620 5310 205 32093 114 0.351 0.001 11.0 12.2 

VI 2.7 9783 12629 263 58509 29 0.116 0.002 12.0 12.3 
3.7 3339 5997 190 41068 54 0.340 0.011 11.0 12.1 

VII 2.6 7187 7571 157 35581 68 0.132 0.002 12.0 12.1 
3.7 3153 3020 190 14642 70 0.294 0.005 11.0 12.0 

VIII 2.7 17407 37948 136 323248 106 0.100 0.003 12.0 12.3 
3.7 3794 5601 159 31610 113 0.328 0.005 11.0 12.2 

IX 2.7 3944 7557 145 49619 104 0.372 0.004 12.0 12.3 
3.7 2944 4855 161 31930 136 0.496 0.013 11.0 12.2 



Table S2: Induction time distribution statistics for methane hydrate at four loadings (0.3, 1.0, 2.0 and 3.0 wt%) of Luvicap55W at various 
subcoolings (ΔT). Data include the experimental cell used, (mean (𝑡̅i), standard deviation (σti), minimum and maximum) induction times, the 
number of formation events, N, as well as the formation onset temperature (Tf) and pressure (pf).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

𝒕i / 
s 

σti / 
s 

Min ti / 
s 

Max ti / 
s 

N Tf / 
°C 

pf / MPa 

0.3 

VII 5.3 7533 2848 2483 30761 104 9.0 12.0 
VI 6.5 6999 1569 2752 11202 103 8.0 11.9 
VI 7.5 4745 2480 1207 15562 108 7.0 11.8 
VI 9.4 307 158 79 944 169 5.0 11.8 

1.0 

II 6.4 8573 4086 2476 20311 122 8.0 11.8 
III 6.4 11929 6290 3322 31190 78 8.0 11.8 
IV 9.4 2505 735 891 5139 60 5.0 11.7 
V 9.4 3268 1598 1323 7370 53 5.0 11.7 
IV 11.3 1194 661 126 4340 358 3.0 11.7 
V 11.3 650 396 143 5979 513 3.0 11.7 

2.0 

VIII 6.4 17514 6734 5778 51083 97 8.0 11.8 
VI 9.1 2689 832 1311 5223 120 5.0 11.3 

VIII 9.3 2158 866 887 8128 128 5.0 11.6 
VI 11.1 795 195 353 1634 368 3.0 11.3 
VII 11.2 728 154 425 1473 364 3.0 11.5 
VIII 11.2 722 483 327 4291 365 3.0 11.5 
VI 13.0 459 83 193 702 244 1.0 11.2 
VII 13.0 352 57 239 993 235 1.0 11.4 
VIII 13.1 484 186 199 1359 232 1.0 11.4 

3.0 

I 6.6 10068 2808 828 15803 91 1.0 12.1 
II 6.5 10360 2791 5081 16584 73 1.0 11.9 
I 7.4 4144 1239 1823 8609 103 3.0 11.9 
II 7.4 4616 1496 1802 13766 141 3.0 11.8 
I 8.4 2734 605 1335 5085 115 5.0 11.9 
II 8.4 3297 1031 1347 5981 81 5.0 11.8 
I 9.4 1395 331 92 2423 121 6.0 11.8 
II 9.4 1432 358 728 2796 104 6.0 11.7 
I 11.3 525 86 382 780 183 7.0 11.7 
II 11.3 478 69 342 752 167 7.0 11.6 
I 13.0 288 67 191 513 308 8.0 11.3 
II 13.0 256 54 188 508 369 8.0 11.2 



Table S3: κ and J extracted by regression of equation (2) to the measured distributions for all 
KHI experiments. For each dataset, the statistical uncertainty of the nucleation rate, u(J), is 
also given. The statistical uncertainty in the event number parameter, u(κ), is much less than 1 
in all experiments. 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

κ 104 J / 
s-1 

104 u(J) / 
s-1 

0.3 

VII 5.3 18 0.24 0.03 
VI 6.5 18 0.25 0.03 
VI 7.5 4 8.68 0.09 
VI 9.4 4 114 1.4 

1.0 

II 6.4 3 2.75 0.08 
III 6.4 4 4.55 0.06 
IV 9.4 12 46.7 0.1 
V 9.4 7 22.6 0.1 
IV 11.3 4 36.3 0.6 
V 11.3 6 93.4 0.2 

2.0 

VIII 6.4 9 5.17 0.02 
VI 9.1 11 40.1 0.1 

VIII 9.3 11 51.4 0.1 
VI 11.1 16 197 1.0 
VII 11.2 18 244 1.0 
VIII 11.2 18 289 1.0 
VI 13.0 28 595 1.0 
VII 13.0 52 1450 1.0 
VIII 13.1 20 433 1.0 

3.0 

I 6.6 12 11.4 0.1 
II 6.5 12 11.2 0.1 
I 7.4 12 28.6 0.1 
II 7.4 11 23.3 0.1 
I 8.4 20 71.3 0.1 
II 8.4 10 29.7 0.1 
I 9.4 20 140 1.0 
II 9.4 19 132 1.0 
I 11.3 34 639 1.0 
II 11.3 45 921 1.0 
I 13.0 25 856 2.0 
II 13.0 25 975 3.0 



Table S4: Extracted A and B′ parameters obtained using the linearization method (equation (5)) 
shown in Figure 10. For each KHI concentration, only results from the cells measured at 3 or 
more subcoolings are presented. 

 

 

  

KHI / 
wt% 

Cells No of 
Experiments 

 103 𝑨 / 
 s-1 

103 u(A) /  
s-1 

10-3 B′ /  

K3 

10-3 u(B′) 

/ K3 

0 

I - IX 22 0.58 0.02 2.66 0.65 
I 3 2.18 0.13 4.80 0.74 

II 3 1.31 0.13 4.27 1.3 

III 3 0.63 0.01 1.60 0.01 

V 3 0.50 0.05 3.25 1.4 

0.3 
VI, VII 4 2.8 0.7 7 19 

VI 3 10.8 7.2 31 46 

1 II, III, IV, V 6 7.9 0.7 41.5 7.4 

2 
VI, VII, VIII 9 72.8 9.5 66.7 7.3 

VI 3 205 21 107 5.0 

VIII 4 49.1 7.1 59.9 8.5 

3 
I, II 12 129 21 67.7 6.2 

I 6 123 14 65.8 4.6 

II 6 135 45 69 13 



Figure S1 shows, for multiple cells, the ratios of the J values measured in the KHI experiments 

to the nucleation rates obtained by extrapolating the uninhibited data to the same subcooling. 

The nucleation rates for all KHI experiments, JKHI, are within a factor of 6 of the values 

extrapolated from the uninhibited experiments, J0, except for the KHI measurements made at 

11.2 K subcooling. The ratio JKHI / J0 averaged across all KHI concentrations increases with 

subcooling, especially at 9.3 and 11.2 K. 

 

Figure S1:  Ratios JKHI / J0 between nucleation rates obtained for multiple cells from Gamma 
distribution fits to 3 wt% KHI induction times and values estimated by extrapolating the 
uninhibited nucleation rates to the equivalent subcooling. The dashed line represents a value of 
1 where JKHI = J



Table S5: The mean (�̅�i) and standard deviation (σG) of initial hydrate growth rate at (0, 0.3, 
1, 2 and 3) wt% KHI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

KHI loading/ 
wt% 

Cell ΔT / 
K 

𝑮i / 
  μmol·s-1 

σG / 
μmol·s-1 

0 

I 
2.3 2.35 0.17 
2.8 2.88 0.80 
3.6 2.49 0.51 

II 
2.3 1.51 0.18 
2.7 2.20 0.22 
3.7 2.65 0.28 

III 
2.1 2.41 0.84 
2.6 3.08 0.98 
3.6 2.92 0.43 

IV 2.3 2.05 0.14 
3.7 2.79 0.33 

V 
2.2 2.38 0.49 
2.7 1.97 0.36 
3.7 2.61 0.50 

VI 2.7 2.82 0.66 
3.7 3.04 0.25 

VII 2.6 2.07 0.14 
3.7 2.98 0.20 

VIII 3.7 3.20 0.47 

0.3 

VII 5.3 0.04 0.08 
VI 6.5 0.10 0.08 
VI 7.5 0.39 0.14 
VI 9.4 1.61 0.18 

1.0 

II 6.4 0.03 0.01 
III 6.4 0.04 0.03 
IV 9.4 0.42 0.55 
V 9.4 0.49 0.09 
IV 11.3 1.44 0.44 
V 11.3 1.86 0.46 

2.0 

VIII 6.4 0.04 0.02 
VI 9.1 0.13 0.02 

VIII 9.3 0.11 0.03 
VI 11.1 0.31 0.10 

VIII 11.2 0.43 0.14 
VI 13.0 1.13 0.15 
VII 13.0 1.45 0.27 
VIII 13.1 0.79 0.27 

3.0 

I 6.6 0.04 0.06 
II 6.5 0.02 0.01 
I 7.4 0.05 0.02 
II 7.4 0.05 0.04 
I 8.4 0.09 0.03 
II 8.4 0.06 0.02 
I 9.4 0.13 0.04 
II 9.4 0.13 0.02 
I 11.3 0.75 0.16 
II 11.3 0.46 0.09 
I 13.0 1.44 0.98 
II 13.0 1.10 0.31 



Section 2: Testing the lag time parameter concept 
One modification to the exponential distribution that has been used previously to fit measured 

induction time data obtained in the presence of a KHI involved introducing a lag time 

parameter, τ0, to equation (1). Both Ke et al. [1] and Abay et al. [2] used an exponential 

distribution translated by τ0 to describe induction time datasets measured in the presence of a 

KHI at concentrations of up to 0.5 wt%. 

 

 𝑃 = 1 − 𝑒𝑥𝑝(−𝐽(𝑡 −  )) (eq. S1) 

   

We argue in the manuscript that this is an unphysical approach to interpreting induction time 

data. To demonstrate the inapplicability of this model to induction time distributions measured 

with high-resolution it is helpful to re-arrange equation (S1) to equation (S2).  

 ln(1 − 𝑃) = −𝐽(𝑡 −  ) (eq. S2) 

Figure S2 and Figure S3 show plots of ln (1- P) versus time, calculated from the experimental 

data obtained for the uninhibited system and for 0.3 wt% and 3 wt% Luvicap55W, respectively. 

The results shown in Figure S2 indicate that equation (S2) with τ0 = 0 and J from Table S1 

describes the data from the uninhibited system well.  This simply reflects that the data are all 

exponentially distributed, with the slope of each line equal to the respective nucleation rate. 

This is consistent with the results shown in the main manuscript (Figure 3 and Figure 8). 



 

Figure S2: Hydrate formation probabilities, P, represented as ln (1-P), plotted against induction 
time for uninhibited systems obtained in cell I at three different subcoolings. Lines shown 
correspond to equation (S2) with τ0  = 0 and J taken from Table S1 for cell I.  

In the presence of Luvicap55W, ln(1 – P), is zero for an appreciable period of time before 

beginning to decrease, with no hydrate nucleation detected until this threshold is reached. To 

test whether the observed data are consistent with the lag time model expressed in equation 

(S2), the data obtained with 0.3 and 3 wt% KHI were linearly regressed to –J (t - τ0)  by tuning 

one or both of the two parameters J and τ0. First, the nucleation rate parameter was constrained 

to be equal to the inverse of the distribution’s mean induction time, i.e. 𝐽 =  1 𝑡⁄  . Such a 

constraint is consistent with the physical meaning of the nucleation rate in the absence of a 

KHI. The lag time parameter, τ0, was then adjusted; however, as shown by the solid lines in 

Figure S3, the fit quality is poor. In particular, the constrained fit only describes the initial non-

zero part of the distribution and deviates increasingly at longer induction times.  

As an alternative, both J and τ0 were treated as free parameters with the fit being applied to the 

asymptotic part of the distribution, i.e. where the ln(1 – P) values exhibit a constant slope at 

longer induction times. These fits are shown as dashed lines in Figure S3. The best-fit value of 

τ0 differs significantly from the value obtained previously and in all cases corresponds to a time 

at which there clearly is a finite probability of formation (ln (1 – P) < 0).  

Furthermore, the measured induction time data at all KHI concentrations also exhibit clear 

regions of curvature in Figure S3, which is inconsistent with the linear form of equation (S2). 



Hence, this analysis indicates that the use of a lag time parameter to fit induction time data with 

a translated exponential distribution is inappropriate. 

 

Figure S3: Hydrate formation probabilities, P, represented as ln (1-P) plotted against induction 
time for various KHI concentrations and subcoolings together with equation (S2). (a) and (b) 
show the 3 wt% KHI system with lowest and highest subcooling, respectively, with two fits of 
equation (S2): one with J constrained to be the inverse of the induction time distribution’s mean 𝑡̅i, with only τ0 as the adjustable parameter (full lines); and one fit to the asymptotic region of 
the distribution with both τ0 and J as adjustable parameters. Meanwhile the lowest and highest 
subcooling datasets for 0.3 wt% KHI system are shown in panel (c) and (d), respectively. Note 
that the grey lines indicate the condition of zero hydrate formation probability, i.e. ln(1-P) = 0. 
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