Pis’ma v ZhETF, vol. 120, iss. 4, pp. 245 – 246 © 2024 August 25

Modified Bridgman formula for the thermal conductivity of complex (dusty) plasma fluids

S. A. Khrapak^{1)}, A. G. Khrapak

Joint Institute for High Temperatures, Russian Academy of Sciences, 125412 Moscow, Russia

Submitted 17 May 2024 Resubmitted 11 July 2024

Accepted 19 July 2024

A simple and popular Bridgman’s formula predicts a linear correlation between the thermal conductivity coefficient and the sound velocity of dense liquids. Unfortunately, it cannot be applied to strongly coupled plasma-related fluids, because the sound velocity can greatly increase as screening weakens. We propose a modification of the Bridgman formula by correlating the thermal conductivity coefficient with the transverse (shear) sound velocity. This approach is demonstrated to work reasonably well in screened Coulomb (Yukawa) fluids and can be useful in the context of complex (dusty) plasmas.

DOI: 10.31857/S0370274X24080146, EDN: LLMCVJ

About a century ago Bridgman proposed a simple formula relating the coefficient of thermal conductivity with the sound velocity and density of dense liquids [1], Λ = 2c_s Δ^2

, (1)

where Λ is the coefficient of thermal conductivity, c_s is the sound velocity, Δ = ρ^{−1/3} is the mean separation between the molecules, and ρ is the liquid number density. Bridgman’s expression was apparently the first theoretical formula applied to explain the thermal conductivity of dense fluids, but it still remains a useful simple reference correlation often discussed in contemporary literature [2–5]. One of the present authors has recently performed a systematic analysis of correlations between the thermal conductivity coefficients and sound velocities in several model and real liquids [6]. It has been demonstrated that linear correlations are well reproduced for model fluids as well as real monatomic and diatomic liquids, but seem less convincing in polyatomic molecular liquids. Even if not truly universal, Bridgman’s formula remains quite appealing, because the information about the sound velocity in various liquids is either easily accessible or can be relatively easily measured experimentally.

However, there is a serious deficiency in the Bridgman’s approach. It cannot be applied to strongly coupled plasma-related fluids with soft screened Coulomb interactions, because the sound velocity can greatly increase as screening weakens. To be concrete, let us concentrate on complex (dusty) plasmas – systems of

1)e-mail: Sergey.Khrapak@gmx.de

charged particles immersed in a neutralizing plasma medium [7]. In the first approximation, the particles in complex plasmas are interacting with the screened Coulomb (Debye–Hückel or Yukawa) potential of the form ϕ(r) =

Q^2 r exp ( − r λ ) , (2)

where Q is the particle charge and λ is the screening length. The properties of Yukawa systems are described by the two dimensionless parameters: the Coulomb coupling parameter Γ = Q^2/aT and the screening parameter κ = a/λ, where a = (4πρ/3)^{−1/3} is the Wigner–Seitz radius.

To explain why the original Bridgman’s formula cannot be applied to plasma-related systems, let us consider the weakly screened regime κ ≲ 1. In this regime the sound velocity is virtually independent of the coupling strength and tends to the conventional dust acoustic wave (DAW) velocity [8]. Using the definition of the DAW velocity [9] we get

c_s ≃ c_{DAW} = ω_pλ ∝ κ^{−1}, (3)

where ω_p = √ 4πQ^2ρ/m is the plasma frequency and m is the particle mass. The sound velocity increases indefinitely when κ approaches zero. Therefore, Eq. (1) is clearly irrelevant.

The purpose of this Letter is to modify Eq. (1) in such a way that it becomes applicable to plasma-related systems with soft pairwise interactions. The idea is very simple, we propose to substitute the conventional sound velocity in Eq. (1) by the transverse sound velocity c_t. The transverse sound velocity does not exhibit divergence for soft interaction potentials, as c_s

Письма в ЖЭТФ том 120 вып. 3 – 4 2024 245

246 S. A. Khrapak, A. G. Khrapak

does. The reduced transverse sound velocity increases monotonously with the coupling parameter and reaches a quasi-universal value at the fluid-solid phase transition [10]. So does the reduced thermal conductivity coefficient of simple fluids in the high density regime [11, 12]. There are several physical grounds to believe that this approach can be successful.

To verify a correlation between the thermal conductivity coefficient and the transverse sound velocity, it is convenient to use appropriate system-independent reduced units. For the thermal conductivity coefficient we use Λ_R = Λ

Δ^2 v_T

, (4)

where v_T = √ T/m is the thermal velocity. This normalization is essential in the Rosenfeld’s excess entropy scaling approach [13], and this is reflected by the subscript “R”. The sound velocity is naturally expressed in units of the thermal velocity v_T. For the Yukawa fluid, the reduced transverse sound velocity is a quasi-universal function of the coupling parameter Γ divided by its value at freezing Γ_{fr} [14]:

c_t v_T ≃ ( 1 + 22.3 Γ Γ_{fr}

)_{1/2} . (5)

The values of Γ_{fr} for various values of κ (≤ 5) can be found in [15], or estimated from a simple analytical fit of [16].

The dependence of the reduced thermal conductivity coefficient of the Yukawa fluid with different κ values on the reduced transverse sound velocity is shown in Fig. 1. The thermal conductivity coefficient diverges at c_t/v_T = 1 and drops quickly as c_t/v_T increases. The minimum is reached at c_t/v_T ≃ 1.4. Then the thermal conductivity Λ_R increases monotonously with c_t/v_T. At the freezing point we expect quite generally c_t/v_T ∼ 5 [10, 14] and Λ_R ∼ 10 for monatomic fluids [6]. The OCP fluid data from [17] clearly support this. In the dense fluid regime a linear correlation between Λ_R and c_t can be described by a simple linear fit

Λ_R ≃ 2.8 ( c_t v_T − 1 ) . (6)

To conclude, we propose a modification of the Bridgman formula by correlating the thermal conductivity coefficient with the transverse (shear) sound velocity. This approach is demonstrated to work reasonably well in the screened Coulomb (Yukawa) fluid and can be useful in the context of complex (dusty) plasmas.

Funding. This work was supported by ongoing institutional funding. No additional grants to carry out or direct this particular research were obtained.

Fig. 1. (Color online) Reduced thermal conductivity coefficient ΛR versus the reduced transverse sound velocity ct/vT in the Yukawa fluid. The symbols correspond to numerical results from [17, 18]. The dashed curve is a linear fit of Eq. (6)

Conflict of interest. The authors of this work declare that they have no conflicts of interest.

1. P. W. Bridgman, PNAAS 59, 141 (1923). 2. A. Z. Zhao, M. C. Wingert, R. Chen, and J. E. Garay, J. Appl. Phys. 129, 235101 (2021).

3. Q. Xi, J. Zhong, J. He, X. Xu, T. Nakayama, Y. Wang, J. Liu, J. Zhou, and B. Li, Chin. Phys. Lett. 37, 104401 (2020).

4. S. A. Khrapak, Phys. Rev. E 103, 013207 (2021). 5. G. Chen, J. Heat Transf. 144, 010801 (2021). 6. S. A. Khrapak, J. Mol. Liq. 381, 121786 (2023). 7. V. E. Fortov and G. E. Morfill, Complex and Dusty Plasmas – From Laboratory to Space, CRC Press LLC, Boca Raton (2019).

8. S. A. Khrapak, Phys. Plasmas 26, 103703 (2019). 9. N. N. Rao, P. K. Shukla, and M. Y. Yu, Planet. Space Sci. 38, 543 (1990).

10. S. A. Khrapak, Phys. Rev. Research 2, 012040 (2020). 11. S. A. Khrapak and A. G. Khrapak, Phys. Fluids 34, 027102 (2022).

12. S. A. Khrapak and A. G. Khrapak, J. Chem. Phys. 157, 014501 (2022).

13. Y. Rosenfeld, J. Phys.: Condens. Matter 11, 5415 (1999).

14. N. Yu, D. Huang, S. Lu, S. Khrapak, and Y. Feng, Phys.

Rev. E 109, 035202 (2024).

15. S. Hamaguchi, R. T. Farouki, and D. H. E. Dubin, Phys.

Rev. E 56, 4671 (1997).

16. O. S. Vaulina and S. A. Khrapak, JETP 90, 287 (2000). 17. B. Scheiner and S. D. Baalrud, Phys. Rev. E 100, 043206 (2019).

18. Z. Donkó and P. Hartmann, Phys. Rev. E 69, 016405 (2004).

Письма в ЖЭТФ том 120 вып. 3 – 4 2024