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ABSTRACT

During the drilling process of deep and ultra-deep wells, the high-

temperature wellbore environment seriously a�ects drilling safety and

e�ciency. Traditional circulating cooling methods are limited by insuf-

�cient heat exchange capacity.�erefore, this paper proposes a new active

wellbore temperature control technology for drilling �uids based on the

endothermicmechanism of ice crystal phase change, and builds a physical

simulation experimental system to conduct a study on the in�uence

of multiple parameters. In the experiment, pre-cooled ice crystals were

added to the drilling �uid, and the in�uence of factors such as ice crystal

size, concentration, �ow rate, initial temperature of the hot �uid, viscosity

of the drilling �uid, and initial temperature on the cooling performance

was systematically investigated. �e results show that increasing the ice

crystal size and concentration can signi�cantly improve the heat exchange

e�ect; appropriately increasing the �ow rate is bene�cial to enhancing

heat transfer; the higher the temperature of the hot �uid, the greater the

absolute cooling amplitude, but the increase in viscosity and the initial

temperature of the drilling �uid weaken the cooling e�ect. �is study

provides an experimental basis and technical support for the design and

engineering application of ice crystal-type functionalized drilling �uids.
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1 Introduction

Against the backdrop of the continuous transformation of the global energy structure, oil and

gas resources remain an important pillar for ensuring national energy security. Despite the rapid

development of new energy sources, traditional fossil fuels will still dominate the energy structure for

a long time in the future [1–4]. In 2023, global oil and gas consumption accounted for more than 53%

of primary energy consumption. The depletion of shallow resources has driven the exploration and

development to shift towards deep (4500–6000m) and ultra-deep (>6000m) layers [5–8]. From 2010 to

2023, the proportion of global deep/ultra-deep oil and gas production increased from 12% to 28%, and
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it is expected to exceed 40% by 2030. China is rich in deep oil and gas resources. The geological reserves

in basins such as Tarim, Sichuan, and Songliao exceed 12 billion tons of oil equivalent, accounting for

more than one-third of the country’s total, with huge development potential.

However, deep-well drilling facesmany technical challenges, with the engineering problems caused

by the extremely high-temperature environment being the most prominent [9–12]. As the well depth

increases, the geothermal gradient is generally higher than 3.5 degrees Celsius per 100 m, and in

some areas, the bottom-hole circulating temperature even exceeds 150 degrees Celsius. Such high

temperatures not only seriously affect the performance of drilling fluids but also accelerate the aging

of drilling tools and the failure rate of electronic instruments, severely restricting the safety and

efficiency of drilling operations [13,14]. High temperatures can cause severe thermal degradation of

water-based drilling fluids, manifested as a significant decrease in viscosity and a notable increase in

fluid loss, which in turn affects well-bore stability and cuttings-carrying capacity. At the same time,

metal components such as drill pipes are more prone to oxidation and corrosion at high temperatures,

the wear rate of threaded connections accelerates, and the service life is significantly shortened. In

addition, electronic components in downhole measurement and control systems are prone to failure

in a continuous high-temperature environment, causing data transmission interruptions or logging

failures, which seriously affect construction decisions [15–17]. Existing cases show that the instability

of drilling fluids caused by high temperatures has led to well-bore collapse, and the economic loss of

a single accident can be as high as several million yuan.

To address this challenge, the industry has successively developed various wellbore temperature

control technologies. The earliest methodwas passive thermal insulation, whichmainly involved filling

high-performance thermal insulation materials between casings to slow down heat transfer [18,19].

Although it has a certain effect, it is costly and has limited insulation capacity, making it difficult to

meet the needs of ultra-deep wells [20–23]. Subsequently, surface active cooling technology emerged,

which introduced refrigeration equipment into the surface circulation system to cool the returned

high-temperature drilling fluid before re-injecting it into the well. Although this method can achieve

a certain degree of temperature control, it consumes a large amount of energy, accounting for nearly

20% of the total energy consumption of the entire drilling operation, and has poor economic efficiency

[24–26]. In recent years, phase-changematerial temperature control technology has gradually emerged,

which uses the property of substances to absorb or release a large amount of latent heat during

the phase-change process to regulate temperature [27–29]. For example, paraffin-based phase-change

materials have been tried in drilling fluid systems and can release cold energy downhole to achieve

local cooling. However, the phase-change latent heat of such materials is relatively low, generally not

exceeding 130 kJ/kg, the temperature reduction range is usually only 8 to 12 degrees Celsius, and there

are problems such as poor compatibility with drilling fluids and insufficient long-term stability.

In contrast, ice crystals, as a natural phase-change medium, show unique advantages. The phase-

change latent heat of water is as high as 334 kJ/kg, more than twice that of paraffin-based materials,

which means that per unit mass of ice can absorb more heat during the melting process [30,31]. More

importantly, ice crystals are completely compatible with water-based drilling fluids, do not introduce

external chemical pollution, and are highly environmentally friendly. At the same time, their raw

materials are widely available, and the preparation cost is low, only about one-twentieth of that of

nano-composite phase-change materials, with good prospects for industrial application. Therefore,

introducing ice crystals into the drilling fluid system and using the heat-absorptionmechanism of their

melting during the flow process to achieve active temperature control has become a highly promising

technical approach.
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The application of ice crystal drilling fluid still faces three major key technical bottlenecks.

Firstly, the preparation theory is still not perfect. As a multi-component complex system containing

clay, polymers, and salts, the components of the drilling fluid can affect the nucleation temperature

and growth rate of ice crystals. However, there is a lack of systematic quantitative analysis and

theoretical model support [32,33]. Secondly, the flow mechanism is unclear. The flow and heat

transfer mechanisms of ice crystals in non-Newtonian fluids are unknown. The melting behavior in

dynamic circulation is affected by the coupling of multiple factors such as flow rate, temperature

field, and shear stress. In actual working, conditions the optimal concentration of 5% obtained

from static experiments needs to be reduced to 3% due to rapid melting, which seriously affects the

temperature control efficiency. In addition, the parameter system for engineering applications has not

been established. There is a lack of systematic research on thematching relationship between ice crystal

size, concentration, and flow rate. Moreover, relying on externally purchased ice crystals in the early

stage has problems such as inconvenient transportation and storage and high risks of ion pollution.

This paper proposes a self-freezing ice crystal phase-change temperature control technology for

drilling fluid. Through an independently developed integrated experimental system of “freezing-

circulation-heat transfer”, a systematic study is conducted on the preparation mechanism of ice

crystals, the laws of flow and heat transfer, and the engineering applicability. The research focuses on

three aspects: optimizing the ice crystal preparation process, carrying out full-scale annulus simulation

experiments to explore the influence of parameters such as ice crystal size and concentration on

the cooling effect of hot fluids and key parameters, and constructing a matching diagram of on-site

operation parameters. Its innovation lies in putting forward the technical concept of heat absorption

through ice crystal phase change, forming a complete engineering application parameter system. It is

expected to provide a new solution for safe and efficient drilling in the high-temperature environment

of deep and ultra-deep wells and promote the development of drilling fluid temperature control

technology towards intelligence and greenness.

2 Ice Crystal Drilling Fluid Cooling Device

2.1 Overall Design of the Device

This section details the ice crystal drilling fluid cooling system used in the experiment. This

system aims to simulate the cooling effect in the actual drilling process and study the influence of

different parameters on the cooling efficiency by precisely controlling the experimental conditions.

The experimental device consists of several key modules: the low-temperature coolant module, the

heat exchanger module, the high-temperature drilling fluid module, and the computer data acquisition

module. Each module is equipped with necessary high-precision instruments, such as thermometers,

pressure gauges, and flow meters, to ensure the accuracy of experimental data. The inner diameter of

the outer heat-exchange cylinder is set according to four aspects: the required space for temperature

sensor arrangement, the outer diameter of the coil, the heat-exchange efficiency, and the hot-fluid

supply capacity. The material is stainless steel according to the actual on-site application. The inner

diameter of the existing experimental device is 265 mm, the wall thickness is 3 mm, the outer tube

diameter is 100 mm, and there are three inner tubes with an inner diameter of 10 mm. Through this set

of devices, we can simulate and study the cooling performance of ice crystal drilling fluids of different

sizes under different flow rates and temperature conditions, providing a scientific basis for the design

and optimization of the ground cooling system (Figs. 1–3).
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Figure 1: Schematic diagram of the cooling device for ice crystal drilling fluid

Figure 2: Ice making and ice crushing equipment
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Figure 3: Physical picture of ice crystal drilling fluid cooling device

2.2 Instructions for Experimental Steps

After the installation and debugging of the experimental equipment are completed, conduct the

experiment according to the following main steps (Figs. 4 and 5):

(1) First, turn on the ice maker to start making ice. Then, use the ice crusher to make ice crystals

of the corresponding size as required, and put the prepared ice crystals into the incubator.

(2) Put the liquid to be tested into the drilling fluid tank and heat it to the predetermined

temperature. Add clean water to the hot fluid supply pool and heat it to the predetermined

temperature.

(3) Add the ice crystals to the drilling fluid mixing tank, and then pump the drilling fluid into

the heat exchanger at the predetermined speed. Measure the temperature values of the drilling

fluid at the inlet and outlet of the heat exchanger. Use the frequency converter to control the

rotation speed of the motor, thereby adjusting the flow rate of the drilling fluid. The drilling

fluid flows into the drilling fluid return storage tank through the constant-flow pump.

(4) After the experiment is completed, clean the pipelines, turn off the power supply, and process

the experimental data.

Figure 4: Ice crystal sampling process
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Figure 5: 1∼10 mm diagrams of different ice crystal sizes

2.3 Experimental Condition Setting

In order to conduct indoor simulation experiments on cooling under various conditions such as

different viscosities, flow rates, drilling fluid/coolant temperatures, ice crystal sizes and concentrations,

several groups of experiments were set up in combination with the working capacity of the device. The

specific conditions are detailed in Table A1.

3 Research on the Experimental Laws of Ice Crystal Drilling Fluid

3.1 Physical Simulation Experiments on Wellbore Temperature Control under Different Ice Crystal

Sizes

The larger the ice crystal size, the slower the melting rate and the better the heat exchange effect.

Ice crystals with a concentration of 5% and a size of 9–10 mm can reduce the temperature of a hot

fluid at 60°C flowing at a velocity of 1.01 m/s to 36.5°C (a temperature drop of 23.5°C) (Fig. 6).

Figure 6:Under the environment of ice crystal concentration of 5%, flow velocity of 1.01 m/s, and hot

fluid at 60°C

Under the conditions of an ice crystal concentration of 5%, a flow velocity of 1.01 m/s, and a hot-

fluid temperature of 60°C, the experiment found that there is a positive correlation between the ice

crystal size and the cooling effect. Ice crystals with a size of 1–2 mm can only achieve a temperature

drop of 13.2°C, while ice crystals with a size of 9–10 mm can achieve a temperature drop of up to
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23.5°C, nearly twice that of the former. This is because large ice crystals have a slower melting rate,

can continuously absorb heat during the flow process, and prolong the effective cooling time.

3.2 Physical Simulation Experiments of Wellbore Temperature Control under Different Flow Rate

Under the conditions of an ice crystal concentration of 5% and an ice crystal size of 5–6 mm, a

flow velocity of about 1.1 m/s can reduce the 60°C hot fluid to 36.9°C (with a temperature drop of

23.1°C) (Fig. 7).

Figure 7: Ice crystal concentration of 5%, ice crystal size of 5–6 mm, under a hot fluid environment of

60°C

By adjusting the flow rate of the drilling fluid, it was found that there is a significant “optimal

range” for the cooling effect. When the ice crystal concentration is 5%, the size is 5–6 mm, and the

temperature of the hot fluid is 60°C, the temperature drops by 23.1°C at a flow rate of 1.1 m/s, which

is the experimental peak. When the flow rate is lower than 0.8 m/s, the efficiency decreases due to

insufficient processing capacity per unit time.When the flow rate is higher than 1.3 m/s, the ice crystals

flow out of the heat exchange area before fully melting, resulting in a decrease in the heat absorption

efficiency.

3.3 Physical Simulation Experiments on Wellbore Temperature Control under Different Ice Crystal

Concentrations

Under the same flow rate, as the ice crystal concentration of the hot fluid increases, the

temperature drop becomes larger and larger, and the heat transfer effect is better. With an ice crystal

concentration of 20% and ice crystals with a size of 5–6 mm, the hot fluid at 60°C with a flow rate of

1.01 m/s can be cooled to 29.9°C (a temperature drop of 30.1°C) (Fig. 8).
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Figure 8: Flow velocity of 1.01 m/s, ice crystal size of 5–6 mm, and in a hot fluid environment at 60°C

Ice crystal concentration is the most significant factor affecting the cooling effect. Under the

conditions of a size of 5–6 mm, a flow velocity of 1.01 m/s, and a hot fluid temperature of 60°C, when

the concentration is increased from 0% to 20%, the cooling range increases from 7.5°C to 30.1°C.

This is attributed to the fact that high-concentration ice crystals provide a larger total latent heat of

phase change, enhancing the heat absorption capacity. However, it should be noted that when the

concentration exceeds 20%, the viscosity of the drilling fluid increases significantly, which may affect

the pumping performance. Therefore, the recommended optimal concentration is 15%–20%.

3.4 Physical Simulation Experiments on Wellbore Temperature Control under Different Hot Fluid

Temperatures

As the temperature of the hot fluid continues to increase, the cooling amplitude becomes larger

and larger. With an ice crystal concentration of 5% and ice crystals sized between 5–6 mm, the hot

fluid at 60°C with a flow velocity of 1.01 m/s can be cooled to 37.6°C (a cooling amplitude of 22.4°C)

(Fig. 9).

The influence of the hot fluid temperature on the cooling effect shows a “high-temperature

amplification effect”: when the ice crystal concentration is 5%, the size is 5–6mm, and the flow velocity

is 1.01 m/s, as the hot fluid temperature rises from 40°C to 60°C, the cooling amplitude jumps from

5.5°C to 22.4°C. The stronger thermal driving force in the high-temperature environment accelerates

the melting of ice crystals and heat transfer, indicating that this technology has unique advantages in

ultra-high-temperature wellbores (e.g., above 60°C). The higher the temperature, the more significant

the temperature control effect.
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Figure 9:Under the environment of a flow velocity of 1.01 m/s, ice crystal sizes of 5–6 mm, and an ice

crystal concentration of 5%

3.5 Physical Simulation Experiments on Wellbore Temperature Control under Different Viscosities

As the viscosity continuously increases, the temperature drop becomes smaller and smaller. At an

ice crystal concentration of 5% and with ice crystals sized between 5–6 mm, the 60°C hot fluid flowing

at a velocity of 1.01 m/s can be cooled down to 39.6°C (a temperature drop of 20.4°C) (Fig. 10).

Figure 10: Under the environment of a flow velocity of 1.01 m/s, ice crystal sizes of 5–6 mm, and an

ice crystal concentration of 5%
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There is a negative correlation between the viscosity of drilling fluid and the cooling effect.

Under the conditions of 5% ice crystal concentration, 5–6 mm size, and 60°C hot fluid, when the

viscosity increases from 2 to 10 mPa·s, the cooling range decreases from 20.4°C to 18.1°C; when the

viscosity further increases to 24mPa·s, the cooling is only 6.5°C. High viscosity will hinder the uniform

dispersion of ice crystals and heat convection, reducing the heat transfer efficiency.

3.6 Physical Simulation Experiments of Wellbore Temperature Control under Different Drilling Fluid

Temperatures

As the temperature of the drilling fluid continues to increase, the cooling amplitude becomes

smaller and smaller. With an ice crystal concentration of 5% and ice crystals sized between 5–6 mm,

the 60°C hot fluid flowing at a velocity of 1.01 m/s can be cooled to 30.5°C (a cooling amplitude of

29.5°C) (Fig. 11).

Figure 11: Under the environment of a flow velocity of 1.01 m/s, ice crystal sizes of 5–6 mm, and an

ice crystal concentration of 5%

The initial temperature of the drilling fluid itself has a significant impact on the final cooling

effect: when the ice crystal concentration is 5%, the size is 5–6 mm, and the temperature of the hot

fluid is 60°C, as the initial temperature drops from 25°C to 5°C, the cooling amplitude increases from

15.5°C to 29.5°C, nearly doubling.

4 Analysis of Ice Crystal Model

4.1 Basic Assumptions and Physical Mechanisms

As a new type of drilling fluid system, the core mechanism of ice crystal drilling fluid lies in using

the melting endothermic effect of ice crystals in the wellbore to control the wellbore temperature. This

model is based on the following basic assumptions: (1) The flow of the drilling fluid in the wellbore is a

steady laminar flow; (2) The main heat transfer direction is along the wellbore axis; (3) The ice crystals

and the liquid phase reach local thermal equilibrium; (4) The ice crystals are uniformly distributed in

the liquid phase (Table 1).
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Table 1: Symbol definition

Symbol Definition

T 0 = 273.15 K The freezing point temperature of pure water under standard

atmospheric pressure

γ = 0.033 J/m2 Surface tension coefficient of the ice-water interface

ρice = 917 kg/m3 Density of ice

L = 334,000 J/kg Latent heat of phase change of ice

β = −0.074 K/MPa Coefficient of the influence of pressure on melting point

r/m Ice crystal radius

P Stress

C = 3.417 × 10−6 (m/(s·K)) Melting rate constant

T /K Ambient temperature

vs/m/S Settling velocity

ρp = ρ ice Particle density

ρ f Fluid density

dp = 2r Particle diameter

µeff Effective viscosity

g = 9.81 m/s2 Gravitational acceleration

4.2 Melting Point Temperature Correction Model

Considering the double effects of pressure and curvature, the expression for the actual melting

point temperature of ice crystals is:

Tm (r,P) = T0 −
2γT0

ρiceLr
+ βP (1)

The second term in this formula is the curvature correction term,which reflects the influence of the

surface curvature effect of tiny ice crystals on themelting point; the third term is the pressure correction

term, which indicates that the high-pressure environment in the deep well reduces the melting point of

ice crystals.

4.3 Kinetics of Ice Crystal Melting

The rate of change of ice crystal radius with time is described by the following equation:

dr

dt
=

{

−C(T−Tm)

0
T>Tm
T≤Tm (2)

4.4 Kinetics of Ice Crystal Sedimentation

Considering the particle sedimentation effect, the settling velocity of ice crystals is divided into

three regions according to the particle Reynolds number:
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Laminar flow region (Rep ≤ 1):

vs =

(

ρp − ρf

)

gd2
p

18µeff
(3)

Transition zone (1 < Rep ≤ 2000):

vs = 0.55

(

(

ρp − ρf

)

g

ρf

)

1/2d3/2

p
µ

−1/2

eff (4)

Turbulent flow region (Rep > 2000):

vs = 1.19

(
(

ρp − ρf

)

gd2
p

ρf

)

1/3 (5)

The particle Reynolds number is defined as: Rep =
ρfdpv

µeff

, where v is the relative velocity.

4.5 Concentration Evolution Equation

The evolution equation for the ice crystal concentration considering the sedimentation and

melting effects is as follows:

ρmixcp,mixvinner
dTinner

dz
= UAinner (Touter− Tinner) − ρiceLφ

dr

dt
(6)

In the formula: ρmix = ρwater(1− φ)+ ρ iceφ is the density of the mixture; cp,mix = cp,water(1− φ)+ cp,iceφ

is the specific heat capacity of the mixture; φ is the volume fraction of ice crystals;U is the overall heat

transfer coefficient; vinner is the flow velocity in the inner tube.

Ainner = πDinnerL (7)

Formula for the maximum temperature drop amplitude:

∆T =
1

ρmixcp,mixVinner

[

UAinner

∫ t2

t1

(Touter − Tinner) dt− ρiceL

∫ t2

t1

φ
dr

dt
dt

]

(8)

4.6 Parameter Analysis and Boundary Conditions

The variable parameters of the model, their influencing mechanisms, and the analysis are as

follows:

Ice crystal size parameter: The ice crystal radius r directly affects the melting point temperature

correction term and the settling velocity. Smaller ice crystals have lower melting points and slower

settling velocities. Flow velocity parameter: The flow velocity in the inner tube affects the heat transfer

coefficient, residence time, and concentration distribution, and influences the convective heat transfer

intensity through the Reynolds number. Ice crystal concentration parameter: The volume fraction φ

affects the physical properties of the mixture and the latent heat of phase-change absorption. Hot fluid

temperature parameter: The inlet temperature Touter of the hot fluid in the outer tube determines the

heat transfer driving force and directly affects the ice crystal melting rate. Viscosity parameter: The

effective viscosity µeff affects the settling velocity and the heat transfer coefficient, and influences the

flow regime and heat transfer performance through the Reynolds number. Drilling fluid temperature

parameter: The inlet temperature Tinner of the drilling fluid in the inner tube directly affects the

temperature difference from the melting point temperature and controls the melting kinetics.
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The verification of some models is shown in Table 2. This model comprehensively considers

multiple physical effects, such as pressure, curvature, phase change, and settlement, and the accuracy

of all of them remains above 90%, indicating that the model performance is very stable, which provides

theoretical guidance for the engineering application of ice crystal drilling fluid.

Table 2: Model validation

Influencing factors Model predicted value Experimental value Error

Different ice crystal

sizes
12.6 13.2 4.6%

19.5 20.2 3.5%

22.3 23.5 5.1%

Different flow

velocities
7.1 7.5 5.3%

19.9 20.8 4.3%

21.6 22.2 2.7%

Different ice crystal

concentrations
11.1 11.8 5.9%

22.5 23.1 2.6%

29.2 30.1 3.0%

Different hot fluid

temperatures
5.2 5.5 5.5%

13.9 14.6 4.8%

21.6 22.4 3.6%

Different drilling fluid

temperatures
19.6 20.4 3.9%

12.8 13.4 4.5%

6.1 6.5 6.1%

5 Conclusions and Insights

(1) This study successfully proposed and verified the feasibility and effectiveness of the “self-

freezing ice crystal phase-change temperature control technology for drilling fluids”. By

constructing a physical simulation experimental system integrating ice-making, circulation,

heat exchange, and data acquisition, the influence laws of key parameters such as ice crys-

tal size, concentration, flow rate, hot fluid temperature, drilling fluid viscosity, and initial

temperature on the cooling performance were systematically investigated. The experimental

results show that the endothermic mechanism of ice crystal phase-change can significantly

reduce the temperature of high-temperature drilling fluids, and under specific parameter

combinations, it exhibits far greater thermal management potential than traditional cooling

methods. This technology fully utilizes the high latent heat of phase-change of water and the

high compatibility with the drilling fluid system, achieving green, efficient, and low-cost active

temperature control, and providing a new solution to the high-temperature problem in deep

and ultra-deep wells.
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(2) The study further revealed the mechanism of action of each parameter on the cooling effect:

increasing the ice crystal concentration and size helps to improve the total heat absorption and

melting duration, thereby enhancing the temperature control ability; appropriately increasing

the flow rate can optimize the heat transfer efficiency, but an excessively high flow rate will

cause the ice crystals to be carried out of the heat-exchange area before being fully melted; in a

high-temperature hot fluid environment, the cooling amplitude is significantly increased due to

the enhanced thermal driving force, which reflects the “high-temperature amplification effect”;

while an increase in drilling fluid viscosity or initial temperature inhibits the heat transfer

process and reduces the cooling efficiency. Based on the multi-parameter coupling analysis,

this paper preliminarily established suggestions for the process window of temperature control

of ice-crystal drilling fluids, it is recommended to apply within specific ranges of particle size,

concentration, and flow rate, and to use it preferentially under working conditions with a lower

initial drilling fluid temperature and a higher hot fluid temperature to maximize the benefits

of phase-change cooling.

(3) Engineering feasibility outlook: In response to the engineering implementation challenges of

the “self-freezing ice crystal” technology, three aspects of research need to be focused on for

breakthroughs in the future. Firstly, energy consumption optimization. Explore the possibility

of using the waste heat from well sites or renewable energy to drive the ice-making system,

so as to reduce the additional energy consumption of ground ice-making. Secondly, system

integration. Simplify the on-site deployment and maintenance processes of the circulation

system through modular design, and balance complexity and reliability. Thirdly, a continuous

operation guarantee. Develop real-time monitoring and automatic replenishment devices for

ice crystal concentration to ensure the stability of the cooling performance during long-term

drilling operations. Breakthroughs in the above directions will lay the foundation for the

technology to move from the laboratory to industrial applications.
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Appendix A

Table A1: Number of experimental groups and experimental conditions

Viscosity Drilling fluid

temperature

Heat source

temperature

Flow velocity Ice crystal

size

Ice crystal

concentration

1 mPa·s 10°C 60°C 1.01 m/s 1–2 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 3–4 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 7–8 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 9–10 mm 5%

1 mPa·s 10°C 60°C 0.5 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 0.7 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 0.9 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.1 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.3 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 0%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 10%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 15%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 20%

1 mPa·s 10°C 40°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 45°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 50°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 55°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

2 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

4 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

6 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

8 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

10 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 5°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 10°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 15°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 20°C 60°C 1.01 m/s 5–6 mm 5%

1 mPa·s 25°C 60°C 1.01 m/s 5–6 mm 5%
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