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Heat Transfer to Fluids without Phase Change
BOUNDARY LAYER CONCEPT
Thermal boundary layer & Hydrodynamic boundary layer:
Consider a flat plate immersed in a stream of fluid that is in steady flow paral​lel to the plate, as shown in the below fig. Assume that the stream approaching the plate does so at velocity uo and temperature T and that the surface of the plate is maintained at a constant temperature Tw. Assume that Tw is greater than T∞, so that the fluid is healed by the plate. A boundary layer develops within which the velocity varies from u = 0 at the wall to u = u0 at the outer bound​ary of the layer. This boundary layer, called the hydrodynamic boundary layer, is shown by line OA in Fig. The penetration of heat by transfer from the plate to the fluid changes the temperature of the fluid near the surface of the plate, and a temperature gradient is generated. The temperature gradient also is confined to a layer next to the wall, and within the layer temperature changes from Tw at the wall to T at its outside boundary. This layer is called thermal boundary layer.
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The thickness of hydrodynamic boundary layer: it is the distance from the plate into the fluid stream where the velocity is 99% of free stream velocity.  

The thickness of Thermal boundary layer: it is the distance from the plate into the fluid stream where the temperature change (Tw -T) is 99% of the initial temperature change (Tw-T∞).
The relative thickness of the two boundary layers will depends upon the Prandtl number 

                                                          Pr=µCp/k

When Pr >1 hydrodynamic boundary layer is thicker than the thermal boundary layer

Ex: Most of liquids

When Pr =1 hydrodynamic boundary layer merges with the thermal boundary layer 

Ex: liquids                                                       
When Pr<1 hydro dynamic boundary layer is thinner than the thermal boundary layer  

Ex: Liquid metals 
HEAT TRANSFER BY FORCED CONVECTION IN LAMINAR FLOW OVER A FLAT PLATE:

Solving of boundary layer equations,
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Where (dT/dy)W is the temperature gradient at the wall. From the Eq. below we have

h=-k(dT/dy)W/(T-TW) 

The relation between the local heat-transfer hx at any distance x from the leading edge and vthe temperature gradient at the wall is 




hx =k/(TW - T∞)(dT/dy)W                 --------------------(2)
Eliminating (dT/dy)W gives      
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 -----------------(3)
This equation can be put into a dimensionless form by multiplying by x/k , giving
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  -----------------(4)
The left hand side of the equation is of the form a Nusselt number corresponding to the distance x, or Nux. The second group is the prandtl number Pr, and the third group is a Reynolds number corresponding to a distance x, denoted by Rex. Eqation (4) can be written as 
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   ----------------------------------(5)
The local Nusselt number can be interpreted as the ratio of the distance x to the thickness of the thermal boundary layer, since conduction through a layer of thickness y would give a coefficient k/y. Thus



Nux =(hxx/k) =(k/y)(x/k) =x/y        --------------------------------(6)

When the plate is heated over its entire length, as shown from x0 =0 and Equation (5) becomes 
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-------------------------------(7)
Where, Nux = Local Nusselt number
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   ReX = Reynolds number at distance X from the leading edge =
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        Pr = Prandtl number
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 The average Nusselt number, 
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Where, Nu = Average  Nusselt number
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  ReL = Reynolds number at distance L from the leading edge =
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    Pr = Prandtl number
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Forced convection heat transfer through straight tube:
(a) Laminar flow:
For laminar Flow (Re < 2100):

[image: image1.png]



(b) Turbulent flow
Dittus – Boelter equation (Re > 6000):

Turbulence is encountered at Reynolds numbers greater than about 2,100 and since the rate of heat transfer is greater in turbulent flow than in laminar flow, most equipment is operated in turbulent range. The approach to this case was based on empirical correlations of test data guided by dimensional analysis.
Dimensional analysis method

Dimensional analysis of the heat flow in turbulent flow in a long straight pipe yields the dimensionless relationship
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---------------------(8)

Here the mass velocity G is used in place of its equal uρ. Dividing both sides of the equation by the product (DG/μ)(Cpμ/k) gives the alternate relationship 
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-----------------------------------------(9)


The three groups used in the Eq.(8) are the Nusselt, Reynolds and the prandtl numbers, respectively. The left-hand group in the Eq.(9) is called the Stanton number St. The four groups are related by the equation
St Re Pr =Nu--------------------------------------------------(10)

Thus, only three of the four are independent.

Emperical Equations:
To use Eq.(8) and Eq.(9), the function ϕ and ϕ1 must be known. One empirical correlation for long tubes with sharp-edged entrances is the Dittus-Boelter equation.





Nu =0.023(Re)0.8(Pr)n -----------------------------(11)
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Where n is 0.4 when the fluid is being heated and 0.3 when it is being cooled.

The above Dittus-Boelter equation is applicable 

For Re>6000, 0.7<Pr<160, (L/D)>60



The ratio of the coefficients for heating and cooling according to Eq.(11), equals Pr0.1 and does not depend on conditions at the wall of the pipe.
Sieder-Tate equation Turbulent Flow:

 A better relationship for turbulent flow is known as Sieder-Tate equation which considers the same viscosity correction factor as that of laminar flow




Nu=0.023(Re)0.8(Pr)0.33(μb/μW)0.14 ----------------------(12)



hiDeq =0.023(Duρ/μ)0.8(Cpμ/k)1/3(μb/μW)0.14 -----------(13)
 μW=Viscosity at the wall

μb =Viscosity at bulk temperature+               

hi – convective heat transfer coefficient (inner flow) 

ho – convective heat transfer coefficient (outer flow)

ro – outer radius

ri – inner radius

k – Thermal conductivity

Re – Reynolds number

Pr – Prandtl number

n – (0.4 heating, 0.3 cooling)

D – (I.D. of inner tube for inner flow, hydraulic diameter for outer flow)

              Note: For flow through conduits, all the properties of the fluid should be taken at bulk temperature (Tb) except for μw which has to be taken at wall temperature.     
HEAT TRANSFER TO LIQUID METALS:
Liquid metals are used for high-temperature heat transfer, especially in nuclear reactors. Liquid mercury, sodium, and a mixture of sodium and potassium called NaK are commonly used as carriers of sensible heat. Mercury vapor is also used as a carrier of latent heat. Temperatures of 8000C and above are obtainable by using such metals. Molten metals have good specific heats, low viscosities, and high thermal conductivities. Their Prandtl numbers are therefore very low in comparison with those of ordinary fluids.

Equations such as below




St pr2/3ϕv0.14 =0.023/Re0.2 --------------(14)
And
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----------------------------(15)
Do not apply at prandtl numbers below about 0.5., because the mechanism of heat flow in a turbulent stream differs from that in  a turbulent stream differs from that in fluids of ordinary Prandtl numbers. In the usual fluid, heat transfer by conduction is limited to the viscous sublayer when Pr is unity or more and occurs in the buffer zone only when the number is less than unity. In liquid metals, heat transfer by conduction is important throughout the entire turbulent core and may predominate over convection throughout the tube.

Design equations, all based on heat-momentum analogies, are available for flow in tubes, in annuli, between plates, and outside bundles of tubes. The equations so obtained are of the form




Nu = α +β(ψ Pe)γ ----------------------------------(16)
Where α, β and γ are constants or functions of geometry and of whether the wall temperature or the flux is constant and ψ is the average value of ЄH/ЄM across the stream. For circular pipes, α=7.0, β =0.025 and γ =0.8. For other shapes, more elaborate functyions are needed. A correlation for ψ is given by the equation



Ψ =1-1.82/Pr(ЄM/v)1.4m  ----------------------------(17)

The quantity (ЄM/v) is the maximum value of this ratio in the pipe,which is reached at a value of y/rW =5/9.Equation (16) becomes then,
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0.8-------------------(18)
A correlation for (ЄM/v)M as a function of the Reynolds number is given below

PECLET NUMBER: The product of Reynolds number(Re) and Prandtl number(Pr) is called Peclet number.



Pe =Re Pr

The Critical Peclet number:  At a definite value of Pe the bracketed term in Eq(18) becomes zero. This situation corresponds to the point where conduction controls and the eddy diffusion no longer effects the heat transfer. Below the critical peclet number only the first term in the Eq.(18) is needed and Nu =7.0

Note: For laminar flow at uniform heat flux, by mathematical analysis Nu=48/11=4.37.
� EMBED Equation.3 ���





� EMBED Equation.3 ���
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