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Abstract 
Petrophysical heterogeneities of sandstone reservoirs which are generated by rock internal variability resounded to 
the magnitude of the rock thermal diffusivity. This is expected mostly to variation of rock density, porosity, reservoir 
temperature and its thermal conductivity. New methodology for calculating thermal diffusivity in a sandstone rock 
formation is intended and effectively employed some laboratory thermophysical measurements for sandstone 
reservoirs. The proposed petrophysical model establishes thermal diffusivity if both the effective porosity and acoustic 
(compressional) wave velocity of the rock are known. Some reliable petrophysical models (El Sayed, 2011 and Ahmed, 
2019) concerned to both the Baharyia (Egypt) and Szolnok (Hungary) sandstone formations are used with only some 
modifications to build an innovative nomography. It permitted precise quantification and determination of the 
thermal diffusivity for both dry and saturated sandstone samples normalized to reservoir temperature (300K-1060 K). 
Verification of the proposed model is achieved with applying study cases of laboratory measured thermophysical 
properties (i.e., porosity, thermal diffusivity/or conductivity and longitudinal wave velocity) for different sandstone 
types, geological ages and geographic locations. A regression analysis of thermal diffusivity between laboratory 
measured and predicted data for dry (Ҡ-dry) rock samples yield a plausible coefficient of correlations as (R =0.73; 0.86 
and 0.98) for three different sandstones obtained from Permo-Carboniferous in Germany (Aretz, 2016) and of 
dissimilar geologic age in Switzerland (Pimienta, 2018) respectively while, the average standard error equals 0.011. 
Then again, the laboratory measured and predicted thermal diffusivity (Ҡ-sat) of saturated samples display an 
appropriate coefficient of correlation (R = 0.76) and average standard error (0.0089). 
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Introduction 

Owing to the rise in energy costs and energy need, the energy management and organization must play a significant role in 

human lives and energy national strategies of most world countries. Heat as a form of energy which could be transferred more 

quickly in solid medium than in gas and liquid [1] is suitable target for exploration. Consequently, the understanding of the solid 

materials potential to transfer heat can aid in sustaining energy more efficiently. Thermophysical properties of rocks is an essential 

parameter in many fields such as constraining the dynamic evolution of planets, exploring the thermal state of basins, and utilizing 

geothermal resources [2]. It plays a fundamental role in heat transfer in the Earth’s interior for determining temperature gradients in 

the interior of Earth. [3] stated that Information on thermal rock properties is important for many applications ranging from the 

production of geothermal energy or hydrocarbons (e.g., heavy oils), over subsurface management (e.g., nuclear waste repositories) 

to civil engineering (e.g., heat transfer or insulation in buildings).Thermal property determination can be classified into two [4] 

main categories: (1) regression model-based [5-10] and (2) theoretical model-based [11-13]. This is due to the limitations of the 

existing techniques for in situ rock thermal property measurements in boreholes. Also, the lack of core samples is the main 

challenge to establish the necessity for techniques of rock thermal property determination based on petrophysical models or even 

the well-logging data. Thermal recovery is a traditional method for exploiting heavy oil resources. Thermal method of heavy oil 

recovery persists the most effective method for the development of huge petroleum resources. The most important way to extract 

heavy oil is to reduce the viscosity of oil and consequently enhance oil mobility utilizing steam injection [14]. Thermal 

conductivity (λ) and thermal diffusivity (κ) characterize how well a material conducts heat and how fast temperature diffuses in it, 

respectively. Density (ρ) and specific heat capacity (cp) link these two thermal properties: κ = λ/ρ. cp. The heat transfer processes 

in the hydrocarbon / water reservoir rocks are controlled mainly by the thermal diffusivity. The value of thermal diffusivity of the 

reservoir media is also changing with temperature which leads to alteration of the heat transfer phenomena in the reservoir. A 

simple equation describing the relationship between the thermal conductivity (λ) and reservoir temperature (T) was early proposed 

as: 

 

 𝜆 =  1/𝐴 +  𝐵 ×  𝑇                                                    (1) 

 

 In which (A) and (B), are controlled by the type of lithology, as fitting coefficients. This equation seems to reveal that rocks 

with a relatively high thermal conductivity exhibit a stronger decrease in (λ) with increasing temperature than those with lower 

thermal conductivity [2]. 

[15] developed a model that simulated the heat transfer process in an oil sandstone reservoir where the thermal diffusivity of 
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the reservoir media is considered as a function of temperature (Ҡ t). The temperature variation at each point of the reservoir is 

calculated using a heat transfer equation as: 

 

                             (𝛿 𝑇 /𝛿 𝑡)  −  Ҡ (𝛿2𝑇/𝛿 𝑥2)  =  0              (2) 

 

where Ҡ = (λ/ρ. CP) is the thermal diffusivity (mm2/s), λ is the thermal conductivity (W/m. K), CP is the heat capacity (J/kg· 

K), and ρ is the density (kg/m3) of the reservoir rock sample. These parameters are function of temperature, T (x, t). T (x, t) is the 

reservoir temperature on the distance of x at the given time t, as x is the distance from heat-source, and t is elapsed time. 

The use of constant values of the thermophysical parameters (i.e., λ, CP, Ҡ, ρ =constant) instead of their temperature 

dependencies, λ(T), CP(T), Ҡ(T), in the heat transfer process leads to inaccuracy of the natural reservoir temperature profile, T (x, 

t) which in turn affecting on the real thermodynamic conditions in the reservoir and the process of oil or geothermal energy 

recovery. The pressure dependence of the thermal diffusivity, heat capacity and thermal conductivity are negligibly small and can 

be ignored (Abdulagatov, et al.,2021). The experimental thermal conductivity data can be correctly described high temperature 

behaviour is introduced by [15] as: 

 

𝜆(𝑡)  =  𝐴 + 𝐵/𝑇𝑚                                                                                             (3) 

 

where optimal values of fitting parameters are m=1.5, A=1.705757 W·m−1·K−1, and B=26,451.585231 W·m−1·K−2.5. 

The main goal of the present work is to provide a new model to predict the thermal diffusivity (Ҡ t) from porosity and P-wave 

velocity. Thermal diffusivity, (Ҡ(t) = λ(t)/ ρ. CP(t) were calculated in the present work as a function of temperature ranged from 

300K up to 1060K. 

 

Methodology 

The petrophysical parameters as porosity and P-wave velocity were measured [16] at the Petrophysical Lab. of Ain Shams 

University (Egypt). The plug samples were drilled in the pay zone of the studied formations from the obtained full diameter cores 

using diamond drill bit and simulated drilling fluids as a bit coolant. The simulated drilling fluid has the same salinity as the 

formation water. The drilled plug samples were trimmed to form right cylinders. Both sample dimensions are measured within 0.01 

mm. The two end surfaces of each sample are ground parallel to within 0.01 mm and numbered using Indian ink. The studied 

samples were drilled as 2.5 cm diameter, while some samples were drilled later from the original samples for heat capacity 

measurements to adjust the holder [17] of the used apparatus (LIAG-Institute, Hanover, and Federal Institute of Geosciences and 

Natural resources (BGR), Hanover). Prior to laboratory measurements the original liquids had been removed from the core samples 

by washing using Soxhlet extraction technique utilizing suitable organic solvents. While the residual salts were removed using 

Methyl alcohol [18-20]. The thermophysical parameters of the sandstone samples obtained from both the Szolnok and the Baharyia 

formations, encountered at depths from (1700 to 3550 m) respectively, have been measured with laboratory devices operated by 

LIAG-Institute, Department of Geothermal Energy, Hanover, and Federal Institute of Geosciences and Natural resources (BGR), 

Hanover. 

In the present work the sandstone thermal conductivity was measured using the optical scanning method (TCS). A special 

device is produced by Lippmann and Rauen and based on the contactless optical scanning of the plane of a sample with a focused, 

mobile heat source in combination with infrared temperature sensors. The principle was developed by [21]. The determination of 

the thermal conductivity is based on the comparison of temperatures of the standard with unknown samples. The sample is 

prepared as cylinder and dried in an electric oven for approximately 10 h at 110 °C. The plane area which will be exposed to the 

thermal beam should be painted black to insure a uniform heat reflection [17]. The thermal conductivity of rocks in general 

decreases with temperature, in contrast to some amorphous or fused materials such as obsidian. Thermal conductivity was 

determined of all sandstone rock samples at ambient temperature of 25 °C with optical scanning technique. Thermal conductivity 

depends largely on mineral content [22], porosity [23], and saturating fluid [24]. The geometric mean model based on mixing laws 

is considered, as follows: 

 

𝜆 𝑠 =  𝜆 𝑓 Ø 𝑥 𝜆 𝑚 (1 –  Ø)                                                      (4) 

 

Where: (λ f) is the thermal conductivity of the fluid (air or water) present in the porosity (Ø), and λ m (W/m K) is the thermal 

conductivity of the solid matrix. The thermal conductivity of water (0.6 W m−1 K−1) and the thermal conductivity of air (0.02 W 

m−1 K−1). Thermal diffusivity (Ҡ t) of some sandstone samples is calculated according to the laboratory measurements using LFA 

technique and introduced by [15, Table-1]. By using these data [15], the regression line equation is obtained as: 

 

Ҡ(𝑡)  = 7.2133𝑒 − 0.003𝐾              ,    𝑅² =  0.9287                        (5) 

 

 Where Ҡ(t) = thermal diffusivity, mm2/s, K=Kalvin.  The normalized Ҡ(t) in the present work and CP(t), are calculated using 

the empirical equation introduced by [17] for sandstone samples of the Baharyia and Szolnok formations: 

 

𝐶𝑃(𝑡) =  0: 0008𝑇𝑝 +  0.7484             , 𝑅2 =  0.9682               (6) 

 

The thermal conductivity (λ t) is assessed using the above listed equation (3) approved by [15]. Subsequently, the relationship 

between λ t and Ҡ t, is made to calculate the regression line relation controlling them (Fig. 1) as: 

 

Ҡ 𝑡 =  2.8541 𝜆 𝑡 –  2.7176                            𝑅² =  0.959                  (7) 

 

[17, 25-28]) show that porosity is the main controlling factor for permeability, thermal conductivity, and acoustic wave 

velocity. In the present work, we borrowed the petrophysical model approved by [27] connected to both Baharyia and Szolnok 

formations and represented by (equation -8) of [27] as:  
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𝐿𝑜𝑔 Ø =  − 𝑙𝑜𝑔 𝜆𝑑 –  0.22 𝑙𝑜𝑔 𝑉 𝑝 –  0.197            , 𝑅² =  0.92                   (8) 

 

We solve eq. (8) with eq. (9) by substituting the value of (λ d by λ t at ambient temperature of 25 °C) as: 

 

𝜆 𝑑 =  (Ҡ 𝑡 + 2.7176)/2.8541                                                        (9) 

 

subsequently, the eq. (8) become as: 

 

    𝐿𝑜𝑔 Ҡ 𝑡 =  − 𝑙𝑜𝑔 Ø –  0.22 𝑙𝑜𝑔 𝑉 𝑝 −  0.261613                             (10) 

 

Furthermore (Ҡ t) is calculated from porosity and P-wave velocity using Eq. (10). The existing nomography is accomplished 

between laboratory measured porosity (Ø) and calculated Ҡ t (eq.-10) at different longitudinal wave velocity (V p) for all studied 

samples from both Baharyia (Upper Cretaceous, Egypt) and Szolnok (Miocene – Pliocene, Hungary) formations. 

 

 
Fig. 1. (λ t) Versus (Ҡ t) for Bah. And Szolnok formations 

 

Results and discussions 

The nomography (Fig. 2) is designed by applying Eq. (10) representing measured and empirical results of the studied sandstone 

samples belonging to both Baharyia and Szolnok formations of different geological ages, geologic provinces, and geographic 

location but they are similar in lithology and environment of deposition (both is of deltaic- submarine fan deposits). In this 

diagram, we have three reservoir parameters (Ø f, Ҡ d- t and V p) and if you have two values out of the three parameters then you 

can detect the third. Therefore, we can predict Ҡ t- d from fractional porosity at certain V p value. 

 

Model Verification 

To verify the present model, we used published laboratory measured data for sandstone as a widespread reservoir sample 

collected among different areas either in Germany, Switzerland, or France ([3], Table-2). In addition, the laboratory measured data 

of outcrop sandstone samples of Permo-carboniferous geothermal sandstone reservoir formations (Northern Upper Rhine Graben, 

Germany, ([29], Table-3) are used. Authors studied the impact of mineral content, depositional environment, and diagenesis on 

sandstone petrophysical properties and thermal diffusivity.  

 

 
Fig. 2. New Nomography for Predicting Thermal Diffusivity from Porosity and Seismic Velocity 

 

 

Ҡt = 2.8541.λt - 2.7176
R² = 0.959

0

10

20

0 1 2 3 4 5 6 7 8

D
if

fu
si

vi
ty

(Ҡ
t)

,S
q

.m
m

/s

Thermal Conductivity (λt),W/mk

Thermal Conductivity (λt) Versus Diffusivity (Ҡt)

0

5

10

15

20

25

30

35

0 0,05 0,1 0,15 0,2 0,25 0,3 0,351
0

x
 T

h
er

m
a

l 
D

if
fu

si
v

it
y

,S
q

.m
m

/s

Fractional Porosity,Øf

Thermal Diffusivity Versus Porosity at Different Longitudinal Wave Velocity for 

Sandstone Samples (Bahriya Fm.Egypt and Szolnok Fm.Hungary)

Vp=0.5 a@vp=1 a@Vp=2 a@Vp=3 a@Vp=4 a@Vp=5 a@Vp=6 a@Vp=7 a@Vp=8



 

4  Inżynieria Mineralna — STYCZEŃ – CZERWIEC 2024  JANUARY – JUNE — Journal of the Polish Mineral Engineering Society   

WMESS 2024 - World Multidisciplinary Earth Sciences Symposium 

  
 

Relationships Between Measured and Calculated Diffusivity 

4.a-  For dry sandstones: 

The relationship between laboratory measured thermal diffusivity and its calculated values using equation (10) for the dry 

sandstone samples displays three positive polynomial trends (Fig. 3). They are controlling with coefficients of correlation (R =0.73; 

0.86 and 0.98) for the three different sandstones ed from dissimilar geologic age in Switzerland [3] and of the Permo-Carboniferous 

age in Germany [29] respectively. 

The equations estimated for these relations are: 

For the subsurface sandstone samples of [29]. 

 

 Ҡ 𝒅𝒑 =  − 𝟎. 𝟓𝟔𝟑𝟒 (Ҡ𝒅) ² +  𝟑. 𝟒𝟒𝟏𝟐Ҡ𝒅 –  𝟐. 𝟖𝟓𝟗𝟐                 , 𝑹 =  𝟎. 𝟗𝟖      (𝟏𝟏) 

 

For the exposed sandstone samples of [29]. 

 

Ҡ 𝒅𝒑 =  − 𝟎. 𝟕𝟎𝟑𝟓 (Ҡ𝒅) ² −  𝟐. 𝟏𝟕𝟑𝟐Ҡ𝒅 +  𝟐. 𝟐𝟑𝟑𝟑            , 𝑹 =  𝟎. 𝟖𝟔         (𝟏𝟐) 

 

And for the subsurface sandstone samples of [3]. 

 

  Ҡ 𝒅𝒑 =  − 𝟎. 𝟖𝟏𝟎𝟒 (Ҡ𝒅) ² −  𝟏. 𝟗𝟕𝟖𝟔Ҡ𝒅 +  𝟏. 𝟔𝟑𝟐𝟕           , 𝑹 =  𝟎. 𝟕𝟑         (𝟏𝟑) 

 

Among these calculated equations the Eq. (11) is the most significant and more reliable to predict Thermal diffusivity for 

dry sandstones due to its higher coefficient of correlation (R= 0.98).  

 

 
                                   Fig. 3. Laboratory Measured Ҡ d Versus Ҡ-Calculated for sandstone. 

 

4.b-    Standard Error of the Ҡ- d: 

The thermal diffusivity (Ҡ d) standard error for the dry sandstone samples is calculated. Thereinafter Ҡ d- standard Error frequency 

histogram is made (Fig. 4). It displays unimodal positive skewed distribution as most of the studied samples (15) have a standard 

error of 0.006982 while, only one sample has the value of 0. 01658.The cumulative frequency curve indicates that 99% of the 

studied samples have a very small value (std. err. = 0.0021). The standard error graphical mean (50%) equals to 0.00698. This 

allows to calculate diffusivity of dry sandstones samples using the present nomography with appropriate precision.    

 

 
                                                    Fig. 4. Frequency Polygon of Ҡ d Standard Error. 
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Thermal diffusivity of saturated samples is laboratory measured by [3]. They are used side by side with their predicted 

values and plotted as (Figure5). The relationship (Fig. 5) shows polynomial trend controlling by the following equation. 

 

  Ҡ𝒔𝒂𝒕 𝒑 =  𝟎. 𝟗𝟓𝟕𝟑 (Ҡ𝒔𝒂𝒕)² −  𝟑. 𝟖𝟖𝟐𝟏Ҡ𝒔𝒂𝒕 +  𝟒. 𝟑𝟐𝟕𝟕    , 𝑹 =  𝟎. 𝟕𝟔     (𝟏𝟒) 

 

 
Fig. 5. Lab. Measured (Ҡsat) Vs. Predicted (Ҡsat-P) for saturated samples. 

 

The calculated Eq. (14) could be applied to estimate thermal diffusivity of water saturated sandstone reservoirs.   

2.d-       Standard Error of the Ҡ- sat:  

The standard error frequency polygon (Fig. 6) of the Ҡ- sat displays unimodal positive skewed distribution, as 98% of studied 

samples have standard error < or = 0.021. The standard error graphical mean (50%) equals to 0.015. This makes available to 

calculate the thermal diffusivity of water saturated sandstone samples using the Eq. (14) with suitable accuracy. 

 

 
Fig. 6. Frequency Polygon of Ҡ sat- Standard Error. 

 
For Thermal Diffusivity Ҡ(T) 

The thermal diffusivity Ҡ(T) is calculated as a function of reservoir temperature (300-1060 K) using equation (5). It is plotted 

against the thermal diffusivity of sandstone samples studied by [3, 29]. Fig. 7 exhibits a plausible coefficient of correlation 

(R=0.7904).  The relation shows a polynomial trend controlling by the equation: 

 

Ҡsat-p = 0.9573Ҡsat2 - 3.8821Ҡsat + 4.3277
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Fig. 7. Laboratory Measured Diffusivity (Ҡ d) Vs. Cal. Ҡ(T) 

 
         Ҡ 𝒕 =  𝟎. 𝟔𝟑𝟎𝟏 (Ҡ𝒅)² –  𝟏. 𝟔𝟓𝟕𝟑Ҡ𝒅 +  𝟏. 𝟕𝟑𝟏𝟕          , 𝑹 =  𝟎. 𝟕𝟗         (𝟏𝟓) 

Normalized thermal diffusivity (Ҡ t) standard error is presented in Fig. 8). It shows skewed distribution with blocks range in 

relative frequencies from 20.41% up to 28.57%. It displays that 90% of studied samples have standard error of < or = 0. 0095.The 

standard error of 80% of samples is of 0.00013. 

 

 
Fig. 8. Frequency Polygon of Ҡ (t) Standard Error. 

 
This indicates that the calculated Eq. (15) utilizes to estimate normalized sandstone diffusivity (Ҡ t) as function of reservoir 

temperature. 

 
Conclusion 

1. New methodology for calculating thermal diffusivity in a sandstone rock formation is intended and effectively employed 

some laboratory thermophysical measurements for sandstone reservoirs. 

2. Some reliable petrophysical models [17, 27] concerned to both the Baharyia (Egypt) and Szolnok (Hungary) sandstone 

formations are used with only some modifications to build an innovative nomography. 

3. Verification of the proposed model is achieved with applying study cases of laboratory measured thermophysical properties 

(i.e., porosity, thermal diffusivity/or conductivity and longitudinal wave velocity) for different sandstone types, geological 

ages and geographic locations. 

4. A regression analysis of thermal diffusivity between laboratory measured and predicted data for dry (Ҡ-dry) rock samples 

yield a plausible coefficient of correlations as (R =0.73; 0.86 and 0.98) for three different sandstones obtained from Permo-

Carboniferous in Germany (Aretz et al.,2016) and of dissimilar geologic age in Switzerland (Pimienta et al.,2018) 

respectively.  

The regression line equations (Eq.11 up to Eq.15) are calculated for dry sample’s diffusivity, saturated and at reservoir 

temperature Ҡ(T) prediction respectively. 
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