
Proceedings of the HTR 2014
Weihai, China, October 27-31, 2014

Paper HTR2014-61286

Thermodynamics Properties of Binary Gas Mixtures for Brayton 
Space Nuclear Power System

Ersheng YOU1, 2, Lei SHI1, 2, Zuoyi ZHANG1, 2 
1Institute of Nuclear and New Energy Technology, Tsinghua University 

2The Key Laboratory of Advanced Reactor Engineering and Safety, Ministry of Education 
B210 Room, Nengke Building, Tsinghua University, Beijing, 100084, PR China 

phone: +86-010-62782953, yes13@mails.tsinghua.edu.cn

Abstract - Space nuclear power system with closed Brayton cycle has the potential 
advantages of high cycle efficiency. It can be achieved to limit the specific mass of 
the system with a competitive design scheme, so as to strengthen the advantage of 
the nuclear energy applying in space propulsion and electric generating compared 
to solar or chemical propellant. Whereby, the thermodynamic properties of working 
fluids have a significant influence on the performance of the plant. Therefore, two 
binary mixtures helium-nitrogen and helium-carbon dioxide are introduced to 
analysis the variation in the transport and heat transfer capacity of working fluids. 
Based on the parameters of pure gases, the heat transfer coefficient, pressure losses 
and aerodynamic loading are calculated as a function of mole fraction at the 
temperature of 400 K and 1200 K, as well as the typical operating pressure of 2 
MPa. Results indicated that the mixture of helium-carbon dioxide with a mole 
fraction of 0.4 is a more attractive choice for the high heat transfer coefficient, low 
aerodynamic loading and acceptable pressure losses in contrast to helium-nitrogen 
and other mixing ratios of helium-carbon dioxide. Its heat transfer coefficient is 
almost 20% more than that of pure helium and the normalized aerodynamic loading 
is less than 34% at 1200 K. However, the pressure losses are a little higher with ~3.5 
times those of pure helium.

I. INTRODUCTION

Dynamic energy conversion options, including 
Rankine cycle, Stirling engine and closed Brayton 
cycle (CBC), have obvious advantages in high power 
space applications because of great thermal efficiency 
and reasonable low mass [1]. However, CBC (Fig. 1) 
is more attractive to apply in gas-cooled space 
nuclear power system (SNPS), which converts 
nuclear reactor heat source into propulsion or 
electricity, thus used for space exploration and 
interplanetary flight [2]-[4].

Based on terrestrial high temperature gas-cooled 
reactor (HTGR) [5], noble gases such as helium (He) 
are also being considered as working fluids. The 
molar mass of helium is very low, which certainly 
enlarges the size of turbine blades, and causes more 
difficulties in manufacture and operation. At the same 
time, helium [6] is hard to be compressed for high

isentropic exponent. Therefore, it makes great 
significance to study the thermodynamic properties of 
other potential gases, and analysis the influence on 
performances of CBC, which is benefit for decreasing 
total dimension and mass of the system.

Fig. 1: SNPS model with Brayton power unit [4].
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II. PROPERTIES OF PURE GASES AND 
BINARY MIXTURES

Considering the limitations of pure helium, other 
noble gases such as neon, argon, krypton, xenon and 
their binary mixtures have been examined for SNPS 
with CBC. Results [7]-[9] indicate that helium-xenon 
mixture with a molecular weight of 40 has a better 
thermodynamic performance. In the aspects of cycle 
analysis and optimizing calculating on HTGR, carbon 
dioxide (CO2) and nitrogen (N2) are also widely 
studied [10]. This paper aims at binary mixtures of 
He-N2 and He-CO2 to calculate its thermodynamic 
properties and analyze the influence on relative 
parameters. The impacts of mixing N2 or CO2 with He 
on the reactor neutronics and the activation of the 
primary components are not addressed.

This section develops the thermodynamic and 
transport properties of pure gases (N2, CO2) and the 
mixtures (He-N2, He-CO2) at 2 MPa and 400-1200 K. 
The parameters include dynamic viscosity, thermal 
conductivity coefficient, specific heat ratio and 
Prandtl number. The most widely used approach for 
determining the properties is to solve the virial state 
equation. In this paper, virial coefficients and 
developed correlations for selected parameters are 
chosen from reference [11], which has been shown to 
agree well with experimental results. The virial state 
equation of N2 and CO2 is respectively shown in (eq. 
1) and (eq. 2). The effects of high pressure on the 
thermodynamic properties of pure CO2 are correlated 
using the law of corresponding states, critical 
temperature Ta and critical density pa.

P = RTp3 I 1 -^ - + B0 0 - bPp 
p J (eq. 1)

- AoP1 0 - aP}

— = 1 + Bp + Cp3 + Dp3 + Ep4 
RT (eq. 2)

+F p6 + Gp8
Where, coefficients A0, B0, a, b, c are constants, and B, 
C, D, E, F, G are all functions of temperature.

II.A. PROPERTIES OF PURE GASES

In terms of the correlations provided in [11], 
several parameters including viscosity, thermal 
conductivity coefficient and specific heat ratio of two 
pure gases are calculated. The specific heat ratio is 
the ratio of the heat capacity at constant pressure to 
that at constant volume, which is also known as the 
isentropic exponent. Once the specific heat is 
determined, the specific heat ratio can be calculated 
from the relation of (eq. 3).

c
7 = — (eq. 3)

cv

The results are compared with the reference 
values quoted from National Institute of Standards 
and Technology (NIST) [12] to examine the accuracy 
of the empirical correlations. Table 1 and Table 2 list 
the values and deviations of N2 and CO2 calculated in 
400 K and 1200 K.

Table 1: the thermodynamic parameters of N2 

calculated in 400 K and 1200 K.
Parameters T (K)

Calculated
values

Reference
values[12] Deviation

j (Pa-s) 400 2.2298 2.2445 0.65%
x10-5 1200 4.4522 4.6886 5.04%

X (W/m-K) 400 3.3172 3.2735 1.34%
x10-2 1200 7.5932 7.6336 0.53%

Y
400 1.4169 1.4139 0.21%
1200 1.3287 1.3278 0.06%

As shown in Table 1, the viscosity of N2 increases 
with the rise of temperature, and the values in 1200 K 
are nearly twice contrasted to those in 400 K. 
Similarly, the deviations of calculated values and 
NIST reference values enlarge following the rise of 
temperature. As for N2, The largest deviation is more 
than 5%, occurring in the maximum temperature. The 
thermal conductivity coefficients seem the same 
between calculated values and NIST reference values 
at a certain temperature. The most deviation is nearly 
1.34% at 1200 K. The specific heat ratio of N2 is 
almost 1.42 at 400 K, while it drops to nearly 1.33 at 
1200 K. The tiny drop is well corresponding to the 
deviation of slightly more than 0.2%.

Table 2: the thermodynamic parameters of CO2

calculated in 400 K and 1200 K.
Parameters T (K) Calculated

values
Reference
values[12] Deviation

j (Pa-s) 400 1.9745 1.9856 0.56%
x10-5 1200 4.4682 4.4127 4.38%

X (W/m-K) 400 2.6014 2.5856 0.61%
x10-2 1200 7.8955 7.7272 5.43%

Y 400 1.3022 1.2997 0.19%
1200 1.1746 1.1791 0.06%

The calculated values listed in Table 2 represent 
good agreement with the reference data. The viscosity 
of CO2 also increases with the rise of temperature, 
with the least deviation in 400 K and the most 
deviation in 1200 K. Unlike the relation of N2, the 
disparity of the thermal conductivity coefficients is 
more distinct, which increases from 0.61% to more 
than 5% accompanying the rise of temperature. The 
specific heat ratio of CO2 varies from ~1.3 to nearly 
1.2 with the temperature varying from 400 K to 1200 
K. The deviations of both temperatures are less than 
0.2%, which manifests well consistency between the 
calculated values and the reference data.
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II.B. PROPERTIES OF BINARY MIXTURES

The principle of corresponding states can easily 
be extended to multi-component mixtures in the 
moderate to the high pressure region. Neglecting the 
interaction of different components, the gas is 
considered as ideal binary mixture. Therefore, the 
model given in (eq. 4) is obtained to calculate the 
thermopysical properties of the mixtures. The weight 
fraction w is related to molar mass and mole fraction 
of each pure gas, and the correlation to mole fraction 
is provided in (eq. 5).

•Vm = w ■ y, +(1 - w)-yHe (eq. 4)
x • m

X •M, +(1- x )•MHe
(eq. 5)

Where, y is for selected thermopysical parameters,
including A, cp and cv.

Fig. 3: thermal conductivity coefficient of mixtures
He-N2 and He-CO2 as a function of mole fraction.

The dynamic viscosity of the binary mixtures He-
N2 and He-CO2 are delineated in Fig. 2. The results
indicate that the addition of N2 or CO2 in pure He has 
limited influence on viscosity, particularly in the case 
of high mole fraction. Though there is a distinct gap
between He-N2 and He-CO2 at low temperature, the 
values of two kinds of mixtures are similar on the 
whole at the temperature of 1200 K. The viscosity of 
pure He is a little higher than that of pure N2 or CO2, 
which illustrates that increasing the amount of other 
gases means the improvement in flowing capacity.

The calculated results of thermal conductivity 
coefficient at 400 K and 1200 K are plotted in Fig. 3. 
For two mixtures, the values in high temperature are 
higher than those in low temperature. At the same

temperature, the mixing of N2 or CO2 will decrease 
the thermal conductivity coefficient. What is more, 
the rate of descent is much faster in the region of x=0 
to x=0.3 contracted to x>0.5, where there is little 
variation over the increasing of mole fraction. For the 
same mixing type (He-N2 or He-CO2) and 
temperature, the value corresponding to x=0 is 
maximum and the value corresponding to x=1 is 
minimum, which represent pure helium and the 
additional gas. So the addition of N2 or CO2 implies 
the impairment in ability of thermal conduction. 
Comparing in different mixing types, the thermal 
conductivity coefficient of the former is slightly 
greater than the latter.

Fig. 4: specific heat ratio of mixtures He-N2 and He- 
CO2 as a function of mole fraction.

Fig. 4 shows the calculated specific heat ratio for 
the binary mixtures at the temperature of 400 K and 
1200 K. As a kind of noble gas, the specific heat ratio 
of He barely changes over temperature. For the 
operating pressure of 2 MPa, it is essentially constant 
and equals to the value of 1.66. At 1200 K, the 
specific heat ratio of the mixture of He-CO2 is the 
lowest of all other mixtures and decreases from that 
of He to that of CO2 as the mole fraction increases. 
Similarly, at this temperature, the values for the 
mixture of He-N2 drop from 1.66 to ~1.33 as the gas 
changes from He to N2. The calculated results 
demonstrate that the addition of N2 or CO2 is 
beneficial to decrease the isentropic exponent of 
working fluids, thus improves its compression 
performance. Under the same conditions, the effect of 
mixing with CO2 is better than mixing with N2. The 
maximum difference is more than 0.15 in the region 
of x=0.4 to x=1 at 1200 K.

The Prandtl number is a dimensionless number 
which reflects relative magnitude of the thermal 
diffusion rate and the momentum diffusion rate of 
working fluids. It is the ratio of kinematic viscosity to 
thermal diffusivity expressed in (eq. 6).

U' C Pr = -
2

(eq. 6)

The calculated Prandtl numbers for pure gases and 
binary mixtures are plotted in Fig. 5 as a function of 
mole fraction. For pure gases, the Prandtl number of 
pure He is lower than those of the pure gases N2 and
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CO2 all the time. It is almost constant and 
independent of temperature, staying a bit more than 
0.66. The Prandtl numbers of pure N2 and CO2 are all 
varying with temperature. Taking account for the 
impact of temperature, the disparity in He-N2 is lower 
than that in He-CO2, which ranges from ~0.725 to 
~0.75 with the temperature dropping from 1200 K to 
400 K.

Fig. 5: Prandtl number of mixtures He-N2 and He- 
CO2 as a function of mole fraction.

On the condition of certain temperature and 
mixing type, the Prandtl number appears the similar 
variation tendency, namely decreasing firstly and 
increasing subsequently. It decreases with increased 
molecular weight of the mixture, from that of the pure

gas He to a minimum value, then increases to that of 
higher molecular weight gases. The binary mixture of 
He-CO2 at 400 K has the lowest Prandtl number, with 
a value of ~ 0.63 at a mole fraction of ~0.1, which 
corresponds to mixing ratio of 10 mole% of CO2 and 
90 mole% of He. In this case, increasing the mole 
fraction further more will result in a wide rise in 
Prandtl number, and thus arrives at a maximum value 
of ~0.75 at a mole fraction of 1, namely pure CO2.

III. RELATIVE PERFORMANCE ANALYSIS

In this section, analytical expressions for cycle 
performance derived from relative thermodynamic 
properties of the pure gases and their binary mixtures 
are discussed at typical operating conditions in SNPS 
with CBC engines (Fig. 6) at 2 MPa and temperature 
from 400 K to 1200 K. The parameters include heat 
transfer coefficient, pressure losses and the 
aerodynamic loading of the impeller blades which are 
presented in the following sub-section. Normalized 
values of these parameters are compared at low 
temperature of 400 K and high temperature of 1200 K, 
as a function of the mole fraction.

Fig. 6: A Line Diagram of closed Brayton cycle applied in gas-cooled space nuclear power system.

III.A. Normalized Heat Transfer Coefficient

The heat transfer coefficient normalized to that of 
pure He, immediately determines the conversion 
efficiency of fission energy, which is indicative of the 
heat transfer surface area and the size of the nuclear, 
recuperator and radiator. Consequently, the dimension 
and mass of the whole SNPS will sharply increase, as 
well as the launch expense. Therefore, a working 
fluid with the optimum heat transfer coefficient 
should be selected to reduce the size of these heat 
transfer components.

The type of heat transfer between working fluid 
and reactor core is mainly the forced convection in 
the state of normal operation. Thus the analytical 
expression for turbulent heat transfer coefficient is the 
key point to concern. For gases, the correlation 
proposed by Taylor [13] is a classical prediction of

the coefficient, which is demonstrated to agree well 
with experimental results within ±20%. According to 
the correlation, Nusselt number can be expressed as 
the form of (eq. 7).

Nu = 0.023Re™ Pr065

c = 0.57 - 1.59 
z / D

Tw

Tb

-c

(eq. 7)

With the replace of these dimensionless numbers 
Re, Pr and Nu, the equation is arranged in terms of 
the thermodynamic properties of the working fluid, 
shown in (eq. 8).
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h = 0.023
T7 A . °-s

7? x
k Tb J

0.5R
2,-b

0.8 0.35 0.65
[D-A-08]x M >■ •

(eq. 8)
L

D A'

(eq. 11)

x(^bM 1bZ )

Taking no account of the influences of the 
operating condition and geometry, the relative heat 
transfer coefficient can be simplified into the relation 
of the gas properties, shown in (eq. 9).

M°-82°-35c °'65
h x p— (eq. 9)

III.B. Normalized Pressure Losses

Owing to the viscosity of working fluids, there 
exist apparent pressure losses with the flow of gas, 
which happen in the piping segments and the 
components of the CBC loop, including the inter 
cooler, the recuperator and the nuclear reactor, shown 
in Fig. 7.

Therefore, for the same operation conditions and 
geometry, the normalized pressure losses can solely 
be expressed in terms of the gas properties, as shown 
in (eq. 12).
-P
— x i^M°'8Z (eq. 12)

At the operating pressure of 2 MPa in SNPS, the 
compressibility factor Z is close to unity and 
independent of the mole fraction of the binary 
mixture at 1200 K. For low temperature of 400 K, the 
value of pure CO2 is just a little inferior to 1 and 
equals ~0.97. Thus, on all practical purposes, the 
compressibility factors for two mixtures are assumed 
as constant.

III.C. Normalized Aerodynamic Loading

Fig. 7: A coolant loop with the major components in
SNPS with CBC [8].

The sum of the pressure losses are equivalent to 
the pumping load of the compressor. In contrast to the 
heat exchangers, the pressure drops most in the 
reactor core. For a convective gas flow model, the 
pressure losses through channels with an equivalent 
diameter D and a cross-sectional flow area A, are 
given by the Fanning relation [14], as shown in (eq. 
10).

Compressor and turbine are key components in 
CBC loop. Their operating state has a vital effect on 
the cycle efficiency. Therefore, it is significant to 
study the performance parameters with different 
working fluids. Among them, aerodynamic loading of 
the blades make much contribute to the efficiency of 
the turbomachinery. For the sake of a low 
aerodynamic loading, the number of stage N, or the 
blade radius r should be increased at given operating 
pressures and temperatures, which consequently 
affects the size and cost of the system.

In axial-flow multistage compressor and turbine 
units, the variation of specific enthalpy in the gas is a 
useful indicator of the aerodynamic loading. It is 
proportional to the total change of the specific 
enthalpy, and inversely proportional to the number of 
stages, and the square of the rotational speed of the 
blades, as well as the blade radius. The relation 
referred in [15] can be expressed in the relation of (eq. 
13).

. 2-fe
A75 = 0.5a7? x L y x Ah

D1+bA2-b
x N r2

(eq. 13)

HbM2-b
(eq. 10)

kp J
Where, the coefficients a and b are respectively 
~0.184 and ~0.2.

According to the equation of state, the (eq. 10) 
can be substituted into the following expression (eq. 
11) for the pressure losses normalized to the pressure 
at the inlet of a given channel.

For the same number of stages, shaft rotational 
speed and the blade radius of impeller, which depends 
on the mechanical strength of the disk and the blades, 
the aerodynamic loading is solely determined by the 
properties of the working fluid. The specific enthalpy 
varying in the compressor or turbine unit is in terms 
of the temperature of inlet and outlet, together with 
the specific heat. Assuming the thermal process in 
turbomachinery is conducted at a constant pressure, 
the aerodynamic loading can be described as
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proportional relation to the constant-pressure specific 
heat, seen in (eq. 14).
Wf- cp (eq. 14)

IV. RESULTS AND DISCUSSION

The thermodynamic properties of pure gases N2, 
CO2 and their binary mixtures He-N2, He-CO2 get in 
the previous sections are used to calculate the heat 
transfer coefficient, pressure losses and aerodynamic 
loading in the CBC loop. All the parameters are 
normalized to these of pure He. This section will 
present and discuss the obtained results according to 
the correlations raised in the last section.

Fig. 8-Fig. 10 shows each relative normalized 
parameter separately as a function of mole fraction. 
All the results are calculated at the system pressure of 
2 MPa, the typical condition in SNPS.

Fig. 8: normalized heat transfer coefficient for the 
binary mixtures at 2 MPa.

As delineated in Fig. 8, the heat transfer 
coefficient of pure He is lower than those of the other 
two pure gases, besides the case of 400 K for N2, 
where the value is only ~0.2 times of the pure He. As 
a result, each binary mixture is able to possess the 
better heat transfer capacity than pure He. With the 
rise of the mole fraction, the normalized values all 
decline to the minimum and then increase gradually. 
However, the mole fraction corresponding to the 
minimum differs according to the specific situation. 
For He-N2 at 400 K, the normalized coefficient drops 
to nearly zero at the region of x=0.4 to x=0.6. In 
another situation of He-CO2 at 1200K, the minimum 
is around 1 at a narrow region of x<0.05.

Compared to the pure He and the mixture of He- 
N2, adding CO2 into He is beneficial to improve the 
heat transfer between the working fluid and the heat 
source. When the mole fraction is more than 0.4, the 
normalized coefficients will exceed unit 1, and still 
keep the linear growth for both 400 K and 1200 K. 
Different from He-CO2, the addition of N2 will reduce 
the ability of heat transfer in majority except that the 
temperature changes into 1200 K and the mole 
fraction increases above 0.7. Therefore, in order to 
select a working fluid with a higher heat transfer 
coefficient, it favors the mixture of He-CO2 with as 
high molecular weight as possible, particularly CO2.

-©-400K He-N2
K He-N2
He-CO2

K He-CO2

V

-B-400K
-B-1200

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Mole Fraction, x

Fig. 9: normalized aerodynamic loading for the binary 
mixtures at 2 MPa.

Fig. 9 presents the relations of aerodynamic 
loading and mole fraction at 400 K and 1200 K. It is 
clear that increasing the mole fraction of the mixtures 
significantly decreases the aerodynamic loading and 
hence, the size and mass of the turbomachinery. Since 
all values are less than unit 1, adding another gas into 
He is a very attractive choice to limit the aerodynamic 
loading, and thus reduce the demands on the numbers 
of stage and the radium of blades to some extent. 
Both He-N2 and He-CO2 with the mole fraction of 0
0.3, the rate of descent is practically rapid and 
slightly depends on the gas temperature. For the 
mixture of 70 mole% He and 30 mole% N2, the 
normalized value varies from ~0.4 to ~0.42 when the 
temperature varies from 400 K to 1200 K. In contrast, 
the variation for the mixture of He-N2 is more distinct 
at the same mole fraction, which increases from ~0.32 
at 400 K, to approaching 0.4 at 1200 K.

Fig. 10: normalized pressure losses for the binary 
mixtures at 2 MPa.

In Fig. 10, the normalized pressure losses for the 
mixtures of He-N2 and He-CO2 are almost 
independent of temperature, but increase with the rise 
of the mole fraction. Therefore, it is safe to assume 
that the normalized pressure losses and hence, the 
pumping load of the compressor, are independent of 
the gas temperature. Thus, the pressure losses in the 
coolant loop can be calculated accurately at the 
certain temperature in the heat exchanger or in the 
nuclear reactor.

For pure N2, the pressure losses are more than 4.5 
times of those for pure He. Furthermore, the values 
for pure CO2 are close to 7 times compared to pure 
He. It is strongly manifested that mixing of another 
gas like N2 or CO2 will observably increase the 
pressure losses, thereby reducing the cycle efficient.



It makes a great significance on the practical 
applications of the mixing working fluids. The 
pressure losses of both He-N2 and He-CO2 are nearly 
a linear variation with the rise of the mole fraction. 
But it is worth noting that the difference of these two 
binary mixtures in the change rate. Compare to the 
mixture of He-N2 at the same conditions, the pressure 
losses are nearly 1.3 times those of He-CO2.

V. SUMMARY AND CONCLUSION

This paper studies the adaptation of pure gases 
and binary mixtures as working fluids and the impact 
of temperature and mole fraction on the 
thermodynamic and transport parameters at a typical 
operating pressure of 2 MPa in SNPS with gas cooled 
reactors and CBC engines. The heat transfer 
coefficient and pressure losses in the CBC loop 
depend on the thermal conductivity, dynamic 
viscosity, constant-pressure specific heat and 
molecular weight of the binary mixture, while the 
aerodynamic loading and hence, the size and mass of 
the turbomachinery is solely dependent on the 
constant-pressure specific heat of the mixture.

Pure gases N2, CO2 and their binary mixture He- 
N2, He-CO2 are examined from the view of flow and 
heat transfer. On account of its superior thermal and 
transport properties and low pumping power 
requirement compared to two other gases and the 
mixtures, He is the preferred working fluid for using. 
However, its low molecular weight increases the 
aerodynamic loading and subsequently the troubles in 
the manufacture and operation. Considering the 
matters of poor heat exchange capacity with He-N2 

and large pressure losses with high mole fraction of 
He-CO2, this study identifies the binary mixture of 
He-CO2 with a mole fraction of 0.4, corresponding to 
a molecular weight of 20 g/mol, as an attractive 
working fluid.

In addition to reducing the aerodynamic loading 
of the turbomachinery to a large scale, its turbulent 
heat transfer coefficients are higher than those of He 
all the time and ~18-20% at 1200 K. For this He-CO2 

binary mixture, the aerodynamic loading is merely 
~29-34% of that for pure He. However, for the same 
piping and heat exchanger design, the pressure losses 
in the CBC loop with 60 mole% He and 40 mole% 
CO2 are ~3.5 times those of He. Consequently, the 
higher pressure losses may decrease the net efficiency 
of the plant and increase the cycle compression ratio. 
Judging from the larger heat transfer coefficient and 
probable the higher turbomachinery efficiency, it is 
able to make up for the drop of the total efficiency. 
Therefore, a further calculating is needed for a more 
accurate analysis on the influence of using He-CO2 as 
the working fluid.
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NOMENCLATURE

A cross-section flow area, m2
cp constant-pressure specific heat, J/(kg • K)
Cv constant-volume specific heat, J/(kg • K)
D equivalent hydraulic diameter, m 
h convective heat transfer coefficient, W/(m2 • K)

variation of specific enthalpy, J/kg 
length of flow channel, m
molecular weight, g/mol 
number of stages in turbomachinery 
Nusselt number
pressure, Pa 
pressure losses, Pa

Pr Prandtl number 
r radius, m

R mole flow rate, mole/s
Rg universal gas constant, 8.3144 J/(mol • K)
Re Reynolds number
T temperature, K
w weight fraction of the mixture
x mole fraction of the mixture
y certain thermodynamic parameter
z distance from channel entrance, m
Z gas compressibility factor

Greek symbols
Y specific heat ratio
X thermal conductivity coefficient, W/(m • K)
A dynamic viscosity, Pa • s
P density
m shaft rotational speed, rad/s

aerodynamic loading

Subscript
b coolant bulk
He helium
i nitrogen or carbon dioxide
m mixture
w wall


