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ABSTRACT

Further development in the field of geothermal energy require reliable reference data on the thermophysical prop-
erties of geothermal waters, namely, on the thermal conductivity and viscosity of aqueous salt solutions at tem-
peratures of 293–473 K, pressures Ps = 100 MPa, and concentrations of 0–25 wt.%. Given the lack of data and
models, especially for the dynamic viscosity of aqueous salt solutions at a pressure of above 40 MPa, generalized
formulas are presented here, by which these gaps can be filled. The article presents a generalized formula for
obtaining reliable data on the thermal conductivity of water aqueous solutions of salts for Ps = 100 MPa, tem-
peratures of 293–473 K and concentrations of 0%–25% (wt.%), as well as generalized formulas for the dynamic
viscosity of water up to pressures of 500 MPa and aqueous solutions of salts for Ps = 100 MPa, temperatures 333–
473 K, and concentration 0%–25%. The obtained values agree with the experimental data within 1.6%.
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1 Introduction

For many years, solutions have attracted and continue to attract the attention of many researchers due to
the important role they play in all natural phenomena of life and the complexity of their nature that is largely
determined by the properties of the liquid phase in general. The development of power engineering and other
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industries is closely related to the use of a wide range of coolants and working fluids. Among the liquid heat
carriers used in various sectors of the economy, aqueous and non-aqueous solutions of inorganic substances
play an important role [1–6]. The use of suitable nano additives to improve and increase the cooling property
in industrial devices can be effective in reducing the hot spot temperature, which is one of the design
limitations [7,8]. It increases the nominal power, reduce the dimensions and consumables in equipment as
coolant. Studies on nanofillers show that increasing the thermal conductivity of nanofluids depends on
many variables [9–12]. These factors include nano-filler size, particle surface shape and area, filler
volume, particle aggregation, stability, viscosity, brown motion and temperature effect. In this paper, these
factors are introduced and how they affect the heat transfer of nanofluids. In one study, h-BN powder
nanoparticles were used as fillers in ethylene glycol fluid [13]. After preparing nanofluids with filler
values of 0.025 vol and 0.2% vol and examining their thermal conductivity, the results showed that the
thermal conductivity for nanofluids with filler volume of 0.025% is higher than the other.

Aqueous solutions of electrolytes are widely used in power generation systems at thermal and nuclear
power plants, plants using solar and geothermal energy, oil and gas industry. In such industries as the
production of mineral fertilizers, electrochemical methods for the production of inorganic metal
compounds by electrolysis of aqueous solutions, the production of soda, aqueous solutions of inorganic
substances are widely used. For the effective use of aqueous solutions of electrolytes in these areas of
technology, accurate information is required on their thermophysical properties, in particular, on thermal
conductivity and dynamic viscosity in a wide range of state parameters. In modern technology, a variety
of fluids are used as heat carriers. However, it is not always possible to timely obtain experimental data
on the physical properties of these substances at high state parameters. This is especially true for thermal
conductivity and dynamic viscosity, the experimental determination of which presents significant
difficulties. Therefore, it is important to consider the equations that are the most reliable and convenient
for calculation with sufficient approximation for practice [14,15].

2 Method

Cooling fluids are used in many industrial fields such as electronics, refrigeration, air conditioning
equipment and transportation. The thermal conductivity of these fluids plays a vital role in the
development of high-performance heat transfer devices. Since solids have much higher thermal
conductivity than conventional fluids, the idea of introducing heat-conducting particles into the fluid was
considered. The thermophysical parameters measured include the thermal conductivity, thermal
diffusivity, and specific heat capacity.

In this method the geothermal energy has developed on the thermophysical properties of geothermal
waters, namely, on the thermal conductivity and viscosity of aqueous salt solutions at temperatures of
293–473 K, pressures Ps = 100 MPa, and concentrations of 0–25 wt.%. For this purpose a generalized
formula for obtaining reliable data on the thermal conductivity of water in the pressure ranges
Ps = 1000 MPa, temperatures of 293–473 K and the thermal conductivity of aqueous solutions of salts in
the pressure ranges Ps = 100 MPa, temperatures of 293–473 K and concentrations of 0%–25% (wt.%), as
well as generalized formulas for the dynamic viscosity of water up to pressures of 500 MPa and aqueous
solutions of salts in the pressure ranges Ps = 100MPa, temperatures 333–473 K, and concentration 0%–25%.

Maxwell was the first person who investigated thermal conductiv- ity, using particle suspension system.
Maxwell’s model ignores the in- teractions between particles and the base fluid and assumes very low
concentration of spherical particles. Other researchers have investigated the effects of different parame-
ters such as particle morphology, surface energy, and heat resistance on thermal conductivity. Table 2
shows some of the current theoretical and empirical models used for nanoparticles. As can be seen,
changes in thermal conductivity are dependent on volume fraction and temperature of nanofluids. high
mineralized waters with purities of 99.9% and 99.5%, respectively, were used in the current study. An
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important challenge with nanofluids is that nanoparticles tend to accumulate due to molecular interactions
such as van der Waals forces [16–21]. Therefore, as the percentage of filler increases, the accumulation of
particles also increases. Also, the viscosity of the system increases and with decreasing the ratio of the
effective surface area to the volume, the thermal performance of the fluid also decreases. In general, the
accumulation velocity is determined by the collision frequency and the probability of cohesion during
collision.

3 Results

3.1 Thermal Conductivity
For aqueous solutions of binary and multicomponent inorganic substances, in [4,5] proposed a formula

for determining the coefficient of thermal conductivity of aqueous solutions of salts, acids, and alkalis at a
temperature of 293 K without the coefficient 1.163–for a unit of measurement of thermal conductivity in
kcal/(m·h·deg), and the author of this paper introduced 1.163 to measure the thermal conductivity
coefficient in W/(m·K):

λE N ; T ¼ 293ð Þ ¼ λW T ¼ 293ð Þ þ 1:163
X
i

aiNi; (1)

where 1.163–the coefficient of conversion of the unit of measurement of thermal conductivity from
kcal/(m·h·deg) to W/(m·K). Typical coefficients (ai) are given in [4,5], and here they are presented in Table 1.

Table 1: The characteristic coefficients (ai) for each ion, determined by Riedel [17]

Anion ai Cation ai
OH – +0.01803* H+ –0.0078

F – +0.0018** Li+ –0.0030**

Cl – –0.0047 Na+ 0.0000

Br – –0.0150 K+ –0.0065

I– –0.0236 NHþ
4 –0.01004*

NO�
2 –0.0040 Mg2+ –0.0080

NO�
3 –0.0060 Ca2+ –0.0005

ClO�
3 –0.0122* Sr2+ –0.0034

CIO�
4 –0.0150* Ba2+ –0.0066

BrO3
- –0.0122* Ag+ –0.0090*

CO2�
3 –0.00653* Cu2+ –0.01404*

SiO2�
3 –0.0080* Zn2+ –0.01404*

SO2�
3 –0.0020* Pb2+ –0.00804*

SO2�
4 +0.0010 Co2+ –0.0100*

S2O2�
3 –0.00703* Al3+ –0.0280*

CrO2�
4 +0.0010* Th4+ –0.0375*

Cr2O2�
7 –0.0137*

Notes: * – the ai value was determined on the basis of experimental data for only one solution and is not entirely reliable; **–deviations in the area of
high concentrations are possible; 3*–can be applied to concentrations below 1 mol/l; 4*–the value is unreliable (little experimental data).
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Note that N = 10 rc/m [3], where N is the concentration of the electrolyte, mol/dm3 of the solution; r–
solution density, g/dm3; c–solution concentration, wt.%; m–the molar mass of the substance, g/mol. Data on
the density of solutions of various water-salt systems and molar masses are given in [6], and ai – coefficients
characteristic for each ion are presented in [4], and here in Table 2.

Table 2: Coefficients of thermal conductivity of aqueous solutions of electrolytes at a temperature of 293 K [17]

System 5% 10% 20% 30% 40% 50%

LiOH 615 621

NaOH + H2O** 614 627 640 645 647

KOH + H2O** 601 604 599 584 564 536

HCl + H2O 579 558 511 463

HNO3 + H2O* 583 574 548 521 498

H2SO4 + H2O 590 580 558 534 506 474

H2CrO4 + H2O 591 581 562 541 518 488

H3PO4 + H2O 587 579 557 533 509 486

LiCl + H2O 588 577 553 538

LiBr + H2O 586 572 542 507 471

LiI + H2O* 586 572 541 506 468 427

LiSO4 + H2O 597 593 587

NaCl + H2O 594 590 578

NaBr + H2O* 591 590 558 534 504

NaI + H2O* 590 579 556 528 494 452

NaNO2 + H2O 595 592 584 574 561

NaNO3 + H2O 595 591 580 569 556

Na2SO3 + H2O 598 597 593

Na2SO4 + H2O 599 600

Na2S2O3 + H2O 597 593 585 570 544

Na2CO3 + H2O 602 607

Na2SiO3 + H2O 602 607 617

Na3PO4 + H2O 606 613

NaClO3 + H2O 592 585 569 550 529

NaClO4 + H2O* 591 583 563 547 523 498

NaBrO3 + H2O 593 588 577

Na2Cr2O7 + H2O 595 593 583 577 568 558

KF + H2O 594 588 572 545

KCl + H2O 590 580 559

KBr + H2O 588 576 550 519 484

KI + H2O 588 576 550 519 481 436
(Continued)
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In formula (1), there is the letter N–the concentration of the electrolyte, mol/dm3 of the solution, which is
needed in calculations when converting the concentration of the solution near the saturation line from mol/dm3

to % (wt). For this purpose, the author used the formula N =r10c/m and experimental and reference data [18].

In [19], it considered a formula for calculating the thermal conductivity of aqueous solutions of salts of
acids and alkalis at temperatures of 293–373 K. The formula for the equality of the same ratios of the thermal
conductivity of water and aqueous solutions at T = 273–373 K is the following:

Table 2 (continued)

System 5% 10% 20% 30% 40% 50%

KNO2 + H2O* 592 584 566 547 527 508

KNO3 + H2O 592 584 566

K2SO4 + H2O 594 590

K2CO3 + H2O* 595 592 583 564 540 509

K2(COO)2 + H2O* 593 587 573

K4Fe(CN)6 + H2O* 592 584 567

MgCl2 + H2O 586 573 547 516

MgBr2 + H2O* 586 573 542 505 459 407

Mg(NO3)2 + H2O* 591 583 564 542

MgSO4 + H2O 595 592 583

CaCl2 + H2O 593 587 576 561 545

CaBr2 + H2O* 590 579 556 529 495 454

Ca(NO3)2 + H2O* 594 590 578 565 550 533

SrCl2 + H2O* 594 588 576 562

SrBr2 + H2O* 591 581 561 536 506 467

Sr(NO3)2 + H2O 594 590 579 566 550

BaCl2 + H2O 594 590 578

BaBr2 + H2O 591 583 564 542 515

BaI2 + H2O* 590 580 560 534 502 463

AgNO3 + H2O 593 587 575 558 540 514

CuSO4 + H2O
3* 593 587

ZnSO4 + H2O** 593 587 575 559

ZnCl2 + H2O* 588 577 551 521 486

Pb(NO3)2 + H2O
3* 594 590 579 566

Co(NO3)2 + H2O 592 584 565 544 520

Al2(SO4)3 + H2O 590 580 555

Th(NO3)4 + H2O 591 583 563

NH4Cl + H2O
4* 583 566 531

NH3 + H2O
5* 566 535 484 445

Note: Table 2 shows the data obtained by Riedel on the thermal conductivity of electrolytes according to formula (1).
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λW Tð Þ
λW T ¼ 293ð Þ ¼

λE N ;Tð Þ
λE N ;T ¼ 293ð Þ : (2)

The author’s studies have shown that formula (2) can be represented as (3) and (4) when using the values
of thermal conductivity of water and aqueous solutions of electrolytes near the saturation line at temperatures
of 293–473 K. If instead λE N ;T ¼ 293ð Þ, one substitutes into formula (2) the value of formula (1), then
formulas (3) and (4) are obtained, for calculating the thermal conductivity of aqueous solutions of salts
near the saturation line in the temperature ranges of 293–473 K and pressures of 0.1–2 MPa.

Equation formulas for the ratio of thermal conductivity of water and aqueous solutions of electrolytes at
temperatures of 273–473 K [5] are the following:

λW PS; Tð Þ
λW T ¼ 293ð Þ ¼

λE PS ;N ; Tð Þ
λE N ;T ¼ 293ð Þ ; (3)

λE PS;N ;Tð Þ ¼ λW PS ;Tð Þ
λW T ¼ 293ð Þ � λW T ¼ 293ð Þ þ 1:163

X
i

aiNi

" #

¼ λW PS; Tð Þ 1þ 1:938
X
i

aiNi

" #
; (4)

The deviation of the calculated values of the thermal conductivity of aqueous salt solutions near the
saturation line according to formula (4) from the experimental data [4,5,9] was less than 1.3%, and from
the data according to formula (1) at a temperature of 293 K, less than 1% (because formula (1) is only for
one temperature–293 K).

The effect of salt on the thermal conductivity of the solution is manifested in the same way at all
temperatures, when taking the interval of 293–473 K at pressures of 0.1–2 MPa.

In calculations by formula (4), critically estimated experimental values of the thermal conductivity of
water in a state of saturation [22] were used, and the characteristic coefficients for each ion ai were those
from [4] (given in Table 1) and new ones, which were obtained by the author using formula (4).

Note that ai for most aqueous solutions of salts, acids, and alkalis (anions and cations) consist of negative
numbers.

Based on the analysis of the obtained formulas and data from various works on the thermal conductivity
of aqueous solutions of inorganic substances [23], a generalized formula (5) was obtained for calculating the
thermal conductivity (W/(m·K)) of aqueous solutions of salts [24] in the temperature range of 293–473 K,
pressures of 0.1–100 MPa, and concentrations of 0–25 wt.%.
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Table 3: Ai � 105 are the coefficients characteristic of each water-salt system

System Ai
. 105 l [6] System Ai

. 105 l [6]

AgF + H2O 119 126.866 KI + H2O 380 166.003

KF + H2O 185 58.096 LiI + H2O 417 133.846

KCl + H2O 315 74.551 NaI + H2O 310 149.894

LiCl + H2O 380 42.394 NH4I + H2O 487 144.943

NaCl + H2O 168 58.443 RbI + H2O 317 212.372

RbCl + H2O 229 120.921 BaI2 + H2O 289 391.139

BaCl2 + H2O 160 208.236 CaI2 + H2O 340 293.889

CaCl2 + H2O 187 110.986 CoI2 + H2O 384 312.813

CdCl2 + H2O 170 183.316 MgI2 + H2O 417 278.113

CoCl2 + H2O 314 129.839 NiI2 + H2O 392 312.496

CuCl2 + H2O 350 134.452 SrI2 + H2O 310 341.425

FeCl2 + H2O 280 126.753 ZnI2 + H2O 403 319.189

FeCl3 + H2O 286 162.206 HNO3 + H2O 350 63.012

MgCl2 + H2O 384 95.211 AgNO3 + H2O 185 169.872

MnCl2 + H2O 265 125.844 KNO3 + H2O 260 101.102

NiCl2 + H2O 330 129.606 LiNO3 + H2O 274 68.945

SrCl2 + H2O 170 158.526 NaNO3 + H2O 148 84.994

ZnCl2 + H2O 360 136.286 RbNO3 + H2O 206 147.480

NaClO3 + H2O 240 106.440 Ca(NO3)2 + H2O 160 164.087

NaClO4 + H2O 250 122.438 Cd(NO3)2 + H2O 155 236.417

K2CrO4 + H2O 130 194.190 Co(NO3)2 + H2O 252 182.941

Na2CrO4+H2O –13 161.972 Cu(NO3)2+ H2O 280 187.553

Na2S2O3+ H2O 93 158.110 Mg(NO3)2+H2O 283 148.312

KBr + H2O 362 119.002 Ni(NO3)2 + H2O 255 182.717

LiBr + H2O 410 86.845 Pb(NO3)2 + H2O 127 331.224

NaBr + H2O 280 102.894 Sr(NO3)2 + H2O 153 211.627

NH4Br + H2O 514 97.942 Zn(NO3)2 + H2O 288 189.387

RbBr + H2O 286 165.372 CoSO4 + H2O 118 154.989

BaBr2 + H2O 244 297.138 CuSO4 + H2O 168 159.602

CaBr2 + H2O 297 199.888 MgSO4 + H2O 122 120.361

CdBr2 + H2O 258 272.218 NiSO4 + H2O 121 154.756

CoBr2 + H2O 364 218.741 ZnSO4 + H2O 169 161.436

FeBr2 + H2O 350 215.655 Li2SO4 + H2O 96 109.938

MgBr2 + H2O 410 184.113 (NH4)2SO4 + H2O 302 132.133

NiBr2 + H2O 362 218.496 NaBrO3 + H2O 170 150.891

SrBr2 + H2O 266 247.428 H2SO4 + H2O 290 98.077

ZnBr2 + H2O 392 225.210 H2CrO4 + H2O 260 118.009
Note: Ai � 105–coefficients typical for each binary system of aqueous solutions of inorganic substances are presented here and in [4,5,9,25–29].
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λE P; T ; cð Þ ¼ λW P; Tð Þ 1�
X
i

Ai ci þ 2� 10�4c3
� � !

� 2� 10�8PT
X
i

ci

" #
; (5)

Ai – coefficients characteristic of each binary system of aqueous solutions of inorganic substances,
determined from experimental data on the thermal conductivity of the solution are presented in Table 3
and in [25–28].

Formula (6) for calculating the thermal conductivity of water and aqueous salt solutions at T = 273–
473 K is presented in [30]:

λE P; T ; cð Þ ¼ λE Ps;T ; cð Þ 1:7
qW P; Tð Þ
qW PS;Tð Þ � 0:7

� �
� 2:5� 10�8PT

X
i

ci

" #
; (6)

and for pure water (c = 0), formula (6) takes the form of formula (7):

λW P; Tð Þ ¼ λW Ps; Tð Þ 1:7
qW P; Tð Þ
qW PS;Tð Þ � 0:7

� �
; (7)

where Ps is the pressure near the saturation line, which during the experiment can be 0:1 � Ps � 2:0 MPa at
experiment temperatures 273 � T � 473 K.

3.2 Dynamic Viscosity
Based on the analysis of the density data of pure water and experimental data on the dynamic viscosity of

aqueous solutions of salts of various authors, a new generalized formula is presented that can be used to
obtain the values of the viscosity of aqueous solutions of salts in the temperature range of 333–473 K,
pressures of 0.1–100 MPa, and concentrations of 0–25 wt.%.

The viscosity of saline waters has not been studied sufficiently at high pressures. The material on the
dynamic viscosity of water-salt systems at pressures above 40 MPa is limited. There is no reference
material on the dynamic viscosity of water-salt systems at pressures of 40–100 MPa.

Based on the analysis of density data [31], viscosity [32] of pure water, and experimental data on the
dynamic viscosity of aqueous solutions of salts of various authors [33], a new generalized formula (8) is
presented, which can be used to obtain the values of viscosity (μPa·s) of aqueous solutions of salts in the
temperature range of 333–473 K, pressures of 0.1–100 MPa, and concentrations of 0–25 wt.%–in the
presence of viscosity data near the saturation line. The formula is as follows:

gE P; T ; cð Þ ¼ gE Ps;T ; cð Þ 1:7
qW P; Tð Þ
qW PS; Tð Þ � 0:7

� �
� 2:5� 10�8PTc

� �
þ

þ1:6� 10�4 PT

P1T1
; (8)

and for pure water (c = 0) formula (8) takes the form:

gW P; Tð Þ ¼ gW Ps; Tð Þ 1:7
qW P; Tð Þ
qW PS;Tð Þ � 0:7

� �
þ 1:6� 10�4 PT

P1T1
; (9)

where gW Ps; T ; cð Þ is the coefficient of dynamic viscosity of the solution (μPa·s) at pressure P, MPa,
temperature T, K and concentration c, wt.%; gE Ps; T ; cð Þ–the viscosity of the solution near the saturation
line at T and c; qW P; Tð Þ, gW P; Tð Þ–density and viscosity of pure water at P and T; qW PS; Tð Þ, gW Ps;Tð Þ
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are the density and viscosity of water near the saturation line at Ps and T; Ps is the pressure at the saturation
line; c =

P
i¼1 ci, wt.%, where ci is the concentration of the i-th system; P1 =1 MPa; T1 = 1 K.

Table 4: Thermal conductivity values according to formula (5) of the multicomponent system H2O + NaCl +
MgCl2 + CaCl2

T, K P, MPa; k.103, W/(m.K)

Ps 20 40 60 80 100
2% NaCl + 2% MgCl2 + 1% CaCl2 + H2O

293.15 593 602 610 618 626 634

313.15 623 632 640 649 657 664

333.15 644 653 661 670 679 687

353.15 660 669 679 688 696 705

373.15 670 680 691 700 709 718

393.15 679 690 701 712 721 731

423.15 676 689 701 712 723 733

473.15 654 670 687 700 714 726

4% NaCl + 4% MgCl2 + 2% CaCl2 + H2O

293.15 585 593 601 608 615 622

313.15 615 622 631 638 646 652

333.15 635 643 651 658 666 672

353.15 652 660 669 676 685 692

373.15 662 671 681 688 697 704

393.15 667 677 687 696 704 712

423.15 667 679 690 700 710 719

473.15 646 661 676 690 702 713

5% NaCl + 5% MgCl2 + 5% CaCl2 + H2O

293.15 579 587 594 601 607 614

313.15 608 615 623 630 637 643

333.15 629 636 644 652 658 664

353.15 645 652 661 668 675 682

373.15 654 663 671 679 686 693

393.15 660 669 678 686 694 702

423.15 660 671 681 690 700 708

473.15 639 653 668 680 691 702
Note: Values in Table 4 agree with [30] within 1.3%.
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Table 5: The values of the dynamic viscosity of water calculated by formula (9), μPa·s at high temperatures
and pressures

P, MPa T, K

333.15 348.15 373.15 398.15 423.15 448.15 473.15

Ps 465.0 377.9 281.8 221.0 182.5 156.1 134.3

20 473.1 384.7 287.5 226.6 187.6 161.0 139.4

40 480.1 391.4 293.2 231.0 192.3 165.9 144.3

60 487.7 397.4 298.4 235.9 196.8 170.4 148.9

80 495.3 403.8 303.5 240.5 201.2 174.9 153.3

100 501.0 409.6 308.6 245.1 205.5 178.9 157.5

120 415.6 313.2 249.4 209.6 183.1 161.5

140 421.2 318.1 253.5 213.5 186.9 165.4

160 426.5 322.7 257.5 217.4 190.7 169.2

180 431.7 326.9 261.7 221.3 194.4 172.7

200 437.0 331.2 265.3 224.8 197.9 176.4

220 442.0 335.5 269.3 228.4 201.6 180.0

240 447.2 339.8 273.0 231.9 205.0 183.4

260 452.1 343.8 276.7 235.5 208.3 186.6

280 456.6 347.8 280.1 238.9 211.6 189.9

300 461.5 351.8 283.6 242.2 214.8 193.0

320 466.4 355.8 287.4 245.4 217.9 196.1

340 470.9 359.3 290.7 248.4 221.1 199.1

360 475.3 363.0 293.8 251.8 224.4 202.3

380 479.8 366.8 297.1 254.9 227.2 205.1

400 484.1 370.5 300.4 258.0 230.5 208.2
Note: The calculated values of the dynamic viscosity of pure water according to formula (9) are consistent industrial standard [10] and the
recommended reference data [11] in the temperature range of 348–473 K and pressures of 0.1–100 MPa within 1%, and in the temperature range
of 348–473 K and pressures of 100–300 MPa within 1.5%.

Table 6: The values of the dynamic viscosity of the H2O + Na2SO4 system calculated by formula (8) at high
temperatures, pressures, and concentrations. g, μPa·s

T, K P, MPa

Ps 20 40 60 80 100
c = 1.5 wt.%

348.2 395.0 402.8 410.2 416.9 423.8 430.8

373.8 292.0 297.9 303.7 308.7 314.0 319.3

398.0 229.5 234.9 239.8 244.5 249.3 254.0

422.6 190.4 195.6 200.6 204.9 209.5 213.7
(Continued)
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Table 6 (continued)

T, K P, MPa

Ps 20 40 60 80 100
c = 1.5 wt.%

447.6 160.9 165.7 170.5 175.1 179.6 183.5

470.7 140.9 145.6 149.7 155.8 160.4 164.6

c = 5 wt.%

347.2 443.4 450.9 458.0 464.4 471.7 477.8

372.0 329.0 335.1 341.3 346.7 352.2 357.7

395.6 259.9 265.6 270.7 275.9 280.9 285.8

424.7 205.4 210.7 215.7 220.4 225.6 229.4

446.2 176.9 182.1 187.2 192.0 196.7 200.2

470.2 153.9 159.3 164.6 170.9 174.0 178.4

c = 10 wt.%

348.4 523.2 531.1 539.1 546.4 553.8 560.2

372.4 391.6 398.3 404.5 410.9 417.1 423.0

398.7 302.4 308.5 314.0 319.5 324.7 330.0

421.4 250.7 256.6 262.2 267.3 272.4 277.0

447.2 209.5 215.2 220.8 225.7 230.9 235.3

471.3 181.9 187.9 193.4 198.8 203.8 208.4

c = 15 wt.%

348.7 629.2 637.9 647.1 654.5 663.2 670.0

372.8 466.7 474.0 481.2 487.0 494.4 500.7

395.4 369.7 376.5 382.6 388.6 394.4 400.1

421.3 296.5 302.9 309.0 314.2 319.7 324.9

447.8 246.1 252.3 257.9 263.7 269.3 273.7

473.9 210.1 216.3 222.6 228.0 233.4 238.3

c = 20 wt.%

347.9 789.2 799.8 809.6 818.5 827.5 835.8

374.5 565.3 573.3 581.8 588.7 595.5 602.4

397.2 446.4 453.9 460.5 467.2 473.4 479.6

472.3 256.9 263.9 270.9 277.1 282.8 288.1

c = 26 wt.%

348.6 1010.0 1022.0 1034.0 1044.0 1055.0 1064.0

375.2 725.8 735.4 745.3 753.4 761.1 769.5

399.4 564.4 573.6 581.6 588.0 595.5 602.4

423.8 457.5 465.8 474.0 481.0 487.7 494.1

447.6 385.7 393.8 401.7 408.1 415.7 421.1

473.9 325.9 334.3 342.4 349.3 355.8 362.2
Note: The calculated values of the dynamic viscosity according to formula (1) agree with the experimental data [18] within 1.4%.
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Table 7: The values of the dynamic viscosity of the H2O + NaCl system calculated by formula (8) at high
temperatures, pressures and concentrations. g, μPa·s

T, K P, MPa

Ps 20 40 60 80 100
c = 5 wt.%

323 680.0 617.5 626.4 635.3 643.6 651.9

373 320.4 326.4 332.4 337.8 343.1 348.5

423 209.8 215.2 220.3 225.0 229.7 234.2

473 155.9 161.4 166.7 171.5 175.6 180.6

c = 10 wt.%

323 678.8 688.9 698.4 706.9 716.1 724.5

373 362.1 368.3 374.4 380.0 385.7 391.2

423 237.9 243.6 248.9 253.9 258.7 263.5

473 175.8 181.6 187.0 192.2 197.2 201.7

c = 15 wt.%

323 757.0 767.8 777.2 786.5 795.1 804.4

373 412.3 418.9 425.4 431.6 437.3 443.0

423 270.2 276.2 281.8 286.7 291.2 296.7

473 200.2 206.2 212.2 217.5 222.7 227.4

c = 20 wt.%

323 856.2 867.5 877.9 886.6 896.2 905.7

373 469.5 476.3 483.6 489.5 495.4 501.3

423 303.8 310.3 315.9 321.0 326.2 331.6

473 224.9 231.2 237.6 243.1 248.3 253.2
Note: The calculated values of the dynamic viscosity according to formula (8) agree with the experimental data [18] within 1%.

Table 8: The values of the dynamic viscosity of the H2O + CaCl2 system calculated by formula (1) at high
temperatures, pressures and concentrations. g, μPa·s

T, K P, MPa

Ps 10 30 60 80 100
c = 9.72 wt.% or 0.97 mol/kg

348.74 521 525 533 544 551 558

399.44 313 316 322 331 336 341

424.74 259 262 268 276 281 286

446.48 225 228 234 242 247 252

470.94 196 199 205 214 219 224

c = 18.17 wt.% or 2.00 mol/kg

349.02 722 727 736 750 758 766

372.09 559 564 571 582 589 596

397.74 441 445 453 462 468 474
(Continued)
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According to formula (8), the values of the dynamic viscosity of various water-salt systems were
obtained in the temperature range of 333–473 K, pressures of 0.1–100 MPa, and concentrations of 0–
25 wt.%. The deviation of the calculated values of the viscosity of water-salt systems according to
formula (1) from the experimental data of various authors [30] was less than 1.5%. Here, in Tables 5–9,
the values of dynamic viscosity for five water-salt systems are presented, although many systems have
been studied, and Figs. 1 and 2 show isobars of water and aqueous solutions of sodium chloride.

Note that there are experimental studies of water-salt systems by various authors at pressures up to
40 MPa and a small part up to 60 MPa.

Table 8 (continued)

T, K P, MPa

Ps 10 30 60 80 100
c = 9.72 wt.% or 0.97 mol/kg

427.76 361 365 373 382 388 393

448.94 307 312 319 327 333 339

474.06 268 272 279 288 294 300
Note: The calculated values of the dynamic viscosity according to formula (8) agree with the experimental data [13] within 1.6%.

Table 9: The values of the dynamic viscosity of the H2O + LiCl system calculated by formula (1) at high
temperatures, pressures and concentrations, g, μPa·s

T, K P, MPa

Ps 10 30 60 80 100
c = 5 wt.%

348.15 454 461 469 476 483 489

420.25 264 270 275 280 285 290

470.42 166 172 177 182 187 192

c = 10 wt.%

399.72 326 333 339 344 350 355

452.54 226 232 238 244 249 254

c = 20 wt.%

348.15 842 854 864 873 883 891

397.20 514 522 530 537 544 551

447.18 363 371 379 386 392 398

471.50 317 326 335 342 348 354
Note: The calculated values of the dynamic viscosity according to formula (8) agree with the experimental data [6] within 1.6%.
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4 Conclusion

In the present paper Based on the analysis of experimental data, generalized formulas are presented,
which in turn will allow many scientists to use them to obtain reliable and accurate material on the
thermal conductivity and dynamic viscosity of aqueous solutions of salts. Nanofluids are a new
generation of fluids with great potential in industrial cartridges. In nanofluids, due to the small size of the
particles, a significant amount of corrosion, impurities and pressure drop problems are reduced and the
stability of fluids against sedimentation is significantly improved. To increase the stability of nanofluid
suspension in order to increase the thermal conductivity, surfactants and physical or chemical bonding of
polymer chains on the surface of nanostructures can be used. Other factors affecting the thermal
conductivity of the nanofluid include the amount of nano filler, the viscosity of the nanofluid and the
temperature of the system used. The presence of nanofillers in the nanofluid changes the thermal
conductivity by changing the temperature, whereas without the filler the thermal conductivity is not
temperature dependent. Results demonstrated that thermal conductivity of Water hybrid nanofluid
increases with increase in volume fraction of nanoparticles.Also, based on the experimental results of the
previous researches a novel a novel correlation with a margin of deviation of 1.6% was proposedfor
predicting thermal conductivity.

Figure 2: Isobar viscosity of water and aqueous solutions of sodium chloride, calculated by formula (1) at
20 wt.%

Figure 1: Viscosity of water at high state parameters
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