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Modeling Internal Flows Modeling Internal Flows 
with the with the HTT_pipeHTT_pipe ModuleModule

• Modeling heat transfer in internal flows
• Finding h, the convective heat transfer 

coefficient*
• Interpreting results from studio internal 

flows module (HTT_pipe)

*BUT NOTE WELL: You may not even need the convection 
coefficient except for use in verifying the module results.  You
can find the heat transferred from the change in the mean 
temperature of the fluid.  

*BUT NOTE WELL: You may not even need the convection 
coefficient except for use in verifying the module results.  You
can find the heat transferred from the change in the mean 
temperature of the fluid.  
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The Physics Included in Module:The Physics Included in Module:

Axial advection

Radial conduction (and 
radial transport of heat 
by mixing if turbulent)Flow direction

In – out = 0 gives predictive equation for temperature.
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y Note: same sign 
convention used as 
in conduction.

Edge view of small 
toroidal control volume

Edge view of small 
toroidal control volume
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The Numerical Procedures The Numerical Procedures 
inside Module:inside Module:

Flow 
direction

Initial (entry) 
Condition: 
Temperature  
uniform

Boundary Conditions

(symmetry)

March downstream filling in unknown interior values using 
the heat balance equation based on previous slide.  Very 
similar to transient conduction except now marching out in 
space (downstream)  rather than in time. (Parabolic PDE)

xr

Either T or dT/dy (flux)
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The Numerical Scheme Used in this 
Module is Called the Finite-Volume Method

• The system of linear equations solved at each axial 
station along the pipe come directly from the 
conservation of energy statement applied to a 
representative control volume.

• You are approximately solving a Partial Differential 
Equation, but doing it numerically rather than 
analytically. 
– To do such a calculation yourself, you do not need to know 

much about PDE’s, but you must understand the physics!
• This FV method is distinct from the Finite Element

Method (FE or FEM), which is also used for PDE’s
and also involves the discretization of the solution 
domain.
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The Model Used Here Solves Only the 
Energy Transport Equation

• The Energy Equation was derived in the Analysis 
group of Slides:

• If we wanted to include the temperature dependence of 
properties on the velocity profile or to consider 
combined entry length problems, we would have to 
solve a momentum (and continuity) equation in 
conjunction with the energy equation.  

• The equation above is not really different from that 
solved for transient, one-dimensional conduction 
except that:
– velocity (u) is a function of radius
– we march downstream (in x) rather than outward in time.

axialadvection conduction in radial direction

p
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For ReD > 2300 a Turbulence Model Is 
Automatically Activated

• Turbulence in effect adds to the cross-
stream (radial) transport of heat: 

• A simple mixing length turbulence model 
that includes a van Driest damping factor 
has been implemented.  

• See books by Cebeci and Bradshaw, 
Schetz, etc. for details.  

ffect of turbulence

Pr1
Prp m

t

e

T k Tc u r
x r y y

ρ ε +

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟∂ ∂ ∂

= +⎢ ⎥⎜ ⎟∂ ∂ ∂⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦



7

Turbulence Model – Additional Notes

• Since the turbulence model uses the friction factor as 
its starting point, the good agreement coming from 
this heat transfer model when compared with, e.g.,  the 
Gnielinski convection correlation is not surprising.    

• In the simple “animation” scheme included in the 
module the “orbit” of the particles is taken as 
dependent on the mixing length as that particular 
radius. 

• The model used here only addresses smooth pipes.  
Heat transfer enhancement schemes for internal flows 
generally involve increasing the cross-stream mixing 
using inserts of one sort or another while adding as 
little additional friction as possible.  
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Inputs to the Program:

This selection just 
reverses the colors.

This selection just 
reverses the colors.

Here are the 
important inputs

Here are the 
important inputs

Run the 
calculation.

Run the 
calculation.

Run some representative 
samples automatically 

Run some representative 
samples automatically 

Thermal Boundary 
Conditions

Thermal Boundary 
Conditions

Control display 
of results

Control display 
of results
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Hydrodynamic 
Entry Length Thermal Entry Length

Thermal b.l.’s from sidewall 
merging at centerline

Thermal b.l.’s from sidewall 
merging at centerline

Velocity Profile is 
a parabola 
because flow is  
laminar. It doesn’t 
change in the 
module even 
though in real life 
it might because 
of temperature 
variation of 
properties.

Velocity Profile is 
a parabola 
because flow is  
laminar. It doesn’t 
change in the 
module even 
though in real life 
it might because 
of temperature 
variation of 
properties.

Red the whole way 
because Constant 
Wall Temperature

Red the whole way 
because Constant 
Wall Temperature

(f = 64/Re 
because laminar)

(f = 64/Re 
because laminar)

All the data needed to find Nusselt 
Number – can dump all data to 
spreadsheet – Process to see Tm(x) 
and Ts(x) and to compute NuD(x) and h.

All the data needed to find Nusselt 
Number – can dump all data to 
spreadsheet – Process to see Tm(x) 
and Ts(x) and to compute NuD(x) and h.

Use mouse as probe to 
take local velocity & 
temperatures.

Use mouse as probe to 
take local velocity & 
temperatures.
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Finding the Nusselt Number from Finding the Nusselt Number from 
analysis, modeling or experiment:analysis, modeling or experiment:
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(y is measured 
inward from surface)

(r is non-dimensionalized by ro, radius of pipe )

Surface temp.
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Finding the Nusselt Number (cont.)Finding the Nusselt Number (cont.)
Rearranging:
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So if you have the surface temperature, mean fluid 
temperature and the  temperature gradient at the surface*, 
you’re all set!  Get them from analysis (laminar flows), 
experiments (laminar and turbulent) or modeling (the pipe 
flow module)

(For external flows we just needed 
temperature gradient at the surface (for a 
constant surface temperature case) because 
the freestream temperature wasn’t changing.)

(For external flows we just needed 
temperature gradient at the surface (for a 
constant surface temperature case) because 
the freestream temperature wasn’t changing.)
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Processing Data (for two 
laminar, thermal entry length problems)

Using formula derived on previous slide

From another run

This run

Note asymptotic values: 3.66 for Twall = 
Const and 4.36 for Heat flux = Const. 

Note asymptotic values: 3.66 for Twall = 
Const and 4.36 for Heat flux = Const. 

The Reynolds number corresponds 
to air at a mean temperature of 
300K flowing at 1 m/s in a .03m 
diameter pipe. The criterion for a 
fully-thermally developed flow 
gives L/D = Re*Pr/20 = 67. 

The Reynolds number corresponds 
to air at a mean temperature of 
300K flowing at 1 m/s in a .03m 
diameter pipe. The criterion for a 
fully-thermally developed flow 
gives L/D = Re*Pr/20 = 67. 
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2nd Method: Control Volume 2nd Method: Control Volume 
Energy BalanceEnergy Balance

Energy passing Station 1 + 
that added between 1 & 2 = 
Energy passing Station 2.
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Rearrange to give:
With this method you 
don’t need surface 
temperature gradient. 
Easy to do in lab.

Stanton Number

2
orVm πρ=
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HeatlinesHeatlines::
• With conduction only we talked about 

isotherms and heatflux or heatflow lines.  
– Heat flow was normal to isotherms and parallel to 

heat flux lines. 
• With convection we have another heat flow 

mechanism besides conduction.
– Isotherms alone are misleading.
– Use heat flow lines to show path of heat.

• Total heat flow (including conduction and advection 
(transport by moving fluid) is parallel to heat flow lines.

– Analogous to streamlines in fluid mechanics
– Shown in module as white lines superimposed on 

isotherms.
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At a higher Reynolds number and with 
heatlines plotted in addition to isotherms.

Flatter velocity 
profile because 
turbulent

Flatter velocity 
profile because 
turbulent

Note sign!Note sign!

Heat flows parallel to heat 
lines – Right at  the wall 
all you have is radial 
transport by conduction –
so they come in normal to 
surface

Heat flows parallel to heat 
lines – Right at  the wall 
all you have is radial 
transport by conduction –
so they come in normal to 
surface

For constant 
wall 
temperature, 
Tmean is a 
direct measure 
of effectiveness.

For constant 
wall 
temperature, 
Tmean is a 
direct measure 
of effectiveness.

Note spacing – heatlines are closer together near the 
start of the heated section (indicating more heat 
transfer) for two reasons:  (Ts-Tm) is biggest there and 
so is h.

Note spacing – heatlines are closer together near the 
start of the heated section (indicating more heat 
transfer) for two reasons:  (Ts-Tm) is biggest there and 
so is h.
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Constant Heat Flux Rather Than Constant Wall Temperature

Note: Liquid Metal –
great cross-stream 
conduction – and 
super heat transfer!

Note: Liquid Metal –
great cross-stream 
conduction – and 
super heat transfer!

Heatlines come out of wall at 
equal intervals corresponding 
to uniform heat flux

Heatlines come out of wall at 
equal intervals corresponding 
to uniform heat flux

Note: Wall temperature 
has to rise to keep 
uniform amount of heat 
going into the fluid –
since Tm heating up. 

Note: Wall temperature 
has to rise to keep 
uniform amount of heat 
going into the fluid –
since Tm heating up. 

Now Twall changes 
and dT/dy is constant 
along the pipe. 

Now Twall changes 
and dT/dy is constant 
along the pipe. 
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This form in the HTT_pipe
module will launch sample 
runs of the cases shown . 

This form in the HTT_pipe
module will launch sample 
runs of the cases shown . 


