
   
Abstract—Thermal power plants use water and steam as 

main working medium. The properties of water and steam 
depend on operating pressure and temperature. The present 
work analyses the variation in heat transfer due to changes in 
properties of water and steam such as, dynamic viscosity, 
specific heat, density and thermal conductivity in the pressure 
and temperature ranges of 100 to 1000 bar and 5 to 700°C 
respectively. Microsoft Excel version of IAPWS IF-97 (The 
International Association for the Properties of Water and 
Steam Industrial Formulation-97), has been used for invoking 
the transport properties for the given pressure and 
temperature. Trends of predominant properties in the above 
mentioned pressure and temperature ranges have been plotted 
and analyzed. The variation in heat transfer coefficients, 
calculated using Dittus Boelter equation, for a typical case has 
also been plotted. The present work gives an idea for heat 
transfer equipment designers about the conditions to be 
carefully handled to avoid metal temperature increase and the 
conditions that could be exploited to gain maximum heat 
transfer for cooling applications. The study also identifies the 
critical zones of property variations in sub and supercritical 
conditions which have direct impact on heat transfer. 

 
Index terms—Property variation, water/steam, supercritical 

conditions, heat transfer 
 

I. INTRODUCTION 
Nomenclature: 
H convective heat transfer coefficient, W/m2°C 
Q rate of heat transfer, W 
An area of heat transfer, m2. 
T temperature, °C  
Nu Nusselt number 
K thermal conductivity of fluid film, W/m-K 
D inner diameter of pipe in m 
Re Reynolds number (V*d*ρ/μ) 
Pr Prandtl number (μ*Cp/k) 
V flow velocity, m/s 
D hydraulic diameter (4*cross sectional area/wetted 

perimeter), m 
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L length of heated channel, m  
Cp specific heat at constant pressure, J/kg-°C 
Subscripts 
s surface 
b bulk 
Greek letters 
ρ Density of fluid, kgm-3 
μ Dynamic viscosity, pa.s 
Heat transfer is an important phenomenon which takes 

place in many industrial applications. Hence, it is necessary 
for one to effectively manage it to achieve economy in 
operation. Among the three modes of heat transfer, the 
convective heat transfer plays an important role in industrial 
heat transfer applications. The convective heat transfer 
depends on the transport properties of fluids.  

Thermal power plants use water and steam as working 
fluid. Heat produced through combustion of fuels, heats the 
outer surface of the tubes either by radiation or by 
convection. This heat gets transferred further into the inner 
surface of the tube by conduction through the wall material 
of the tube. Water or steam passing through the tube, 
receives this heat by convection and maintain metal 
temperature within the acceptable limits if the convective 
heat transfer coefficient is sufficient. The magnitude of the 
variation in convective heat transfer coefficient depends on 
the operating variables, physical properties of fluid and the 
physical dimensions of the flow paths. Changes in flow path 
have an impact on the dynamics of flow whereas; the 
variation in pressure and temperature affect the properties of 
the fluid. Literatures [1-5] have discussed about this 
property variation , literatures [5-12] have reported the 
variation in heat transfer coefficient due this property 
variation and literatures [1], [2], [5] and [9-15] have 
reported the impact in terms of wall temperature variation 
indicating that changes in fluid properties have a great 
impact on the heat transfer behavior.  

The objective of the present work is to study the changes 
in properties of water/steam over a wide range of boiler 
operating conditions and observe their impact on heat 
transfer for a selected tube and flow. The computerized 
excel version (X Steam Tables) of the steam properties of 
IAPWS IF-97 (The International Association for the 
Properties of Water and Steam Industrial Formulation-97) 
and the standard Dittus Boelter heat transfer correlation 
have been used in this analysis. Graphical trends of the 
variation in various properties of water/steam with changes 
in pressure and temperature and their impact on variation in 
heat transfer coefficient have been discussed in detail in this 
paper. 
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II. CONVECTIVE HEAT TRANSFER 
Convection is the transfer of thermal energy by the 

movement of molecules from one region to another. As 
fluid moves more quickly, the convective heat-transfer 
increases. The presence of bulk motion of fluid enhances 
the heat transfer between the solid surface and the fluid.  

The rate of convective heat transfer is given by, 
             Q = hA (Ts − Tb)                       (1) 
The interest of a designer would be to compute the wall 

temperature for a given heat flux and fluid condition in 
order to select appropriate material or for avoiding 
operating conditions that would over heat the tube metal. It 
is possible to compute the wall temperature using Eq. (1), if 
the heat transfer coefficient `h’, is known. 

Convective heat transfer coefficient `h’ is given by the 
following relationship, 

h =Nu*k/d    (2) 
The heat transfer coefficient `h’ depends on physical 

properties of the fluid such as temperature and the physical 
situation in which convection occurs. Therefore, the heat 
transfer coefficient must be derived or found experimentally 
for every system analyzed. Many correlations developed 
based on experiments, each applicable to specific range of 
conditions, are available in literatures [2, 4]. As shown in 
equation (2), the heat transfer coefficient is a function of 
Nusselt number and fluid properties. Hence, all the 
experimental correlations exhibit a relationship for Nusselt 
number with other non dimensional numbers and fluid 
properties. Most of these correlations require both wall 
temperature and bulk fluid temperature for computing 
Nusselt number and are applicable for specific conditions. 
The Dittus Boelter equation is the one which is applicable 
for a wide range of single phase fluid conditions and require 
only the bulk fluid temperature for computation of Nusselt 
number. Hence, this equation has been chosen for the 
present analysis to understand the impact of change in fluid 
property on heat transfer.  

The Nusselt number as proposed by Dittus Boelter is 
given by the following relationship 

Nu = 0.023 * Re0.8 * Pr0.4            (3) 
In general, the Dittus-Boelter correlation is valid for 

single-phase heat transfer in channels within the following 
range:  

0.7 ≤ Pr ≤ 160; Re ≥ 10,000; and L/D ≥ 10  
For the study in this paper, Pr is 0.716 to 13.733; Re is 

100,762 to 1,334,535; and L/D is 731.7.  
 

III.  ANALYSIS OF PROPERTY VARIATION OF WATER/STEAM 
The variations of properties of water/steam with 

operating conditions especially at different temperature and 
pressure conditions were analyzed using Excel based X 
Steam Tables software. The transport properties and Prandtl 
number were plotted against temperature at various levels of 
pressure and are shown in figures 1 to 7. 

A. Variation in Dynamic Viscosity  
As observed in figure 1(a), the dynamic viscosity 

decreases hyperbolically with increase in temperature up to 

saturation / psuedocritical tempearture corresponditng to 
each pressure and it gradually increases with increase in 
temperature after    saturation / psuedocritical tempearture, 
as shown in figure 1(b). 

 
Fig.1 (a) Influence of Temperature and Pressure on Dynamic Viscosity of 

Water/Steam up to 250°C 

 
Fig.1 (b) Influence of Temperature and Pressure on Dynamic Viscosity of 

Water/Steam above 250°C 
 

As observed in both the figures, viscosity increases with 
increase in pressure, but the predominant effect is observed 
only with change in temperature. From this, it is inferred 
that considering the variation in dynamic viscosity, increase 
in temperature reduces Prandtl number and increases 
Reynolds number upto saturation /critical/psuedocritical 
tempearture. After that, increase in temperature gradually 
increases Prandtl number and reduces Reynolds number. 
Also, increase in pressure increases Prandtl number and 
decreases Reynolds number . This is due to the fact that 
Reynolds number is inversely proportional to viscosity and 
Prandtl number is directly proportional to viscosity. 

B. Variation in Specific Heat at Constant Pressure  
As observed in figures 2(a) and 2(b), the specific heat has 

the highest value at the critical pressure and temperature of 
220.64 bar and 373.95°C respectively. At all the other 
pressures, specific heat is maximum at the respective 
saturation / psuedocritical tempearture. In general, specific 
heat before  saturation / psuedocritical temperature are 
higher than that after such temperature.   

With increase in pressure, the specific heat value 
decreases upto saturation/pseudocritical temperature and it 
increases considerably with increase in pressure after 
saturation / psuedocritical tempearture. As the specific heat 
increases directly with temperature up to saturation / 
pseudocritical temperature, prandtl number varies directly 
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with variation in specific heat. 

 
Fig. 2. (a) Influence of Temperature and Pressure on Specific Heat at 

Constant Pressure of Water/Steam up to 250°C 

 
Fig. 2. (b) Influence of Temperature and Pressure on Specific Heat at 

Constant Pressure of Water/Steam above 250°C 

C.  Variation in Thermal Conductivity  
As shown in figures 3(a) and 3(b), at all pressures, the 

thermal conductivity increases up to around 150°C and then 
decreases considerably up to saturation / pseudo critical 
temperature and increases gradually after saturation / 
pseudo critical temperature. Also, it peaks at critical point 
and then drops subsequently.  

At a particular temperature, thermal conductivity is 
higher at higher pressure. Since the Prandtl number is 
inversely proportional to thermal conductivity, the Prandtl 
number at temperatures above saturation and pseudo critical 
conditions would be higher than that at temperatures below 
saturation / pseudo critical condition. Also, for the same 
temperature, the Prandtl number for higher pressures will be 
lower because of the increase in thermal conductivity with 
increase in pressure. 

 

 
Fig. 3 (a) Influence of Temperature and Pressure on Thermal 

Conductivity of Water/Steam up to 250°C 

 
Fig. 3 (b) Influence of Temperature and Pressure on Thermal 

Conductivity of Water/Steam above 250°C 

D.   Variation in Prandtl Number 
In sections 3.1 to 3.3, the effects of temperature and 

pressure on dynamic viscosity, specific heat and thermal 
conductivity individually have been discussed. Figures 4(a) 
and 4(b) show the effect of temperature and pressure on 
Prandtl number, which is a function of viscosity, specific 
heat and thermal conductivity. 

The trend seems to be matching predominantly with 
those of dynamic viscosity and specific heat. It 
hyperbolically reduces up to 250°C, and then gradually rises 
to peak value at saturation/critical/pseudo critical 
temperature and gradually falls as seen in the figures 4(a) 
and 4(b). Prandtl number is around 1 for all pressures at 
temperatures above 600°C. 

 
Fig. 4. (a) Influence of Temperature and Pressure on Prandtl Number of 

Water/Steam up to 250°C 

 
Fig. 4. (b) Influence of Temperature and Pressure on Prandtl Number of 

Water/Steam above 250°C 

E. Variation in Density  
Figures 5(a) and 5(b) indicate the trends of density 

variation with changes in temperature and pressure. As seen 
in these figures, under subcritical pressure conditions 
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(P<220.64 bar), the density change is the highest at 
saturation temperature and is comparatively higher above 
saturation temperature than that below saturation 
temperature.  

In supercritical condition (P>220.64 bar), the density 
change is minimum and it becomes much lower (almost 
linear) at higher pressures. It implies that for the same mass 
flow rate, the pressure drop at higher pressure conditions 
would be minimal. Decrease in density and increase in 
specific volume results in increase in Reynolds number. 

 
Fig. 5 (a) Influence of Temperature and pressure on Density of 

Water/Steam up to 250°C 

 

Fig. 5 (b) Influence of Temperature and pressure on Density of 
Water/Steamabove 250°C 

F.    Property Variation under Typical Sub-critical and 
Supercritical Conditons  
For better understanding of the property variation, figures 

6(a) and 6(b) indicate the variation of specific heat, thermal 
conductivity and Prandtl number for sub critical and 
supercritical condition respectively and figures 7(a) and 
7(b) indicate the variation of density and dynamic viscosity, 
for sub- critical and supercritical condition respectively.  

 

 
Fig. 6 (a) Influence of Temperature and pressure on specific heat, 

thermal conductivity and Prandtl number at sub critical conditions of 
Water/Steam 

 

Fig. 6 (b) Influence of Temperature and pressure on specific heat, 
thermal conductivity and Prandtl number at supercritical conditions of 

Water/Steam 

 

Fig. 7 (a) Influence of Temperature and pressure on density and 
dynamic viscosity at sub critical conditions of Water/Steam 

 

Fig. 7 (b) Influence of Temperature and pressure on density and 
dynamic viscosity at supercritical conditions of Water/Steam 

G.   Variation in Reynolds Number 
Reynolds number also influence heat transfer coefficient. 

This number is directly proportional to flow velocity, inner 
diameter of the pipe and density. It is inversely proportional 
to dynamic viscosity. 

 

IV.  IMPACT ON HEAT TRANSFER 
As mentioned earlier in section 2.0, the convective heat 

transfer is directly proportional to heat transfer area, 
difference in temperature between heating wall and heat 
receiving fluid and heat transfer coefficient. For fixed area 
and temperature difference, heat transfer is mainly a 
function of heat transfer coefficient. 

The analysis of these equations clearly indicate that the 
heat transfer cofficient would definitely be affected by the 
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changes in fluid properties viz., dynamic viscosity, specific 
heat, thermal conductivity and density which vary 
depending on the pressure and temperature conditions. A 
trial calculation for a pipe of 0.0082 m inner diameter and a 
flow rate of 0.2 kg/s was made to give a feel on the 
variation of this heat transfer coefficients with changes in 
pressure and temperature and the trends are shown in 
figures 8(a) and 8(b).    

As seen in the figure 8(b), for the selected case, the heat 
transfer coefficient is maximum at critical pressure and 
temperature. For any pressure, the heat transfer coefficient 
has the peak value at saturation/critical/psuedo critical 
temperature. Also, at any pressure, the heat transfer 
coefiicient below saturation/critical/psuedo critical 
temperature is always higher than that above 
saturation/critical/psuedo critical temperature. Higher the 
pressure, higher would be the heat transfer coefficient. Also, 
at higher pressures in the supercritical regime, the variaton 
in heat transfer coeffient with variation in temperature is 
minimum. This could be advantageously used in heat 
transfer applications and the design of heat exchanger 
equipment. 

 

 
Fig. 8 (a) Variation in Heat transfer Coefficient up to 250°C for a 

typical flow in a pipe (Indicating the impact of variation in the properties 
of fluid) 

 
Fig. 8 (b) Variation in Heat transfer Coefficient above 250°C for a 

typical flow in a pipe (Indicating the impact of variation in the properties 
of fluid) 

 

V.  CONCLUSION  
In this paper, an understanding of the variation in 

predominant fluid (water/steam) properties like dynamic 
viscosity, specific heat at constant pressure, thermal 
conductivity and density and their impact on heat transfer 
coefficient at various pressures and temperatures have been 
discussed. The results could be judiciously used by 

designers of heat exchangers. The zones of high specific 
heat and increased heat transfer coefficient could be used 
for applications where cooling is of high importance. The 
understanding of the zones of poor heat transfer 
coefficients, enables the designer to select suitable materials 
to withstand the temperature while designing heat 
exchangers.  

It is clear from figures 1 to 5 that the impact of 
temperature on transport properties falls distinctly under 
three categories viz, subcritical, critical and supercritical. 
The changes are found dramatic at saturation temperature at 
sub-critical state, at critical temperature in critical state and 
at pseudo-critical temperature in supercritical state. The 
variation in properties is predictable under sub-critical 
conditions up to saturation temperature and far from pseudo 
critical temperature in supercritical condition where they 
follow a defined trend. The changes in properties at 
saturation, critical and pseudo critical temperatures are 
dramatic and their impact on heat transfer is complex. 
Analytical treatments of these conditions may not be 
yielding dependable results. Hence, correlations need to be 
developed for these regimes based on experimental 
investigations.   
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