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Convective Heat and Mass Transfer from a Runner 
 
Introduction 
 

When sporting events are held in hot, humid locations, the rejection of waste metabolic heat 
under extremely adverse conditions is a major concern to the athletes and their coaches.  The human 
body, even that of a highly conditioned athlete, is a very inefficient “heat engine” and must reject large 
quantities of waste heat.  In this exercise we will approximate the sensible heat transfer from a scantily 
clad runner using a well-known correlation for an admittedly much simpler geometry, the cylinder in 
cross flow.  Then, using the heat-and-mass transfer analogy, we will estimate the convective mass transfer 
and latent (evaporative) heat transfer due to sweating.  With this model we can assess the role of the 
runner’s velocity (relative to the wind), the skin temperature, ambient air temperature and relative 
humidity.  As an additional exercise we will compute the “heat stress index” for several environmental 
conditions.   

 
Typically this problem would be done 

for a single set of parameters and left at that, but 
using a spreadsheet we are able to study a range 
of parameters readily and draw conclusions on 
the relative importance of each of them.  
Because these calculations require a number of 
fluid properties (five for air, six for water) over a 
range of temperatures, we have provided VBA 
functions (macros) that can be invoked in 
exactly the same way as intrinsic functions (e.g., 
the sine, cosine and several hundred others in 
Excel), that is, directly from the cell formulae.  
We also stress the concept of “naming” cells, so 
that the resulting formulae are easily readable 
both to the author and to potential users of the 
spreadsheet. 

 
Background  

 
Since it would be unusual for the mechanical efficiency of the human body (defined as work 

accomplished (W) divided by metabolism (M) in the same units) to be more than 5 - 10% [1], getting rid 
of waste heat can be a major problem under hot and humid conditions.  For most human activities the 
mechanical efficiency is nearly zero; under highly optimized conditions, e.g., a bicycle ergometer, the 
mechanical efficiency may reach just over 20% [2].  In this problem we consider in particular warm, 
humid situations, where getting rid of the balance (M - W) might pose a problem.  At the other 
temperature extreme, the body will actually generate additional metabolic heat by shivering in order to 
maintain its temperature. 
 

Waste heat is rejected both through respiration and by losses through the skin.  We can write a 
steady-state energy balance for the body as [1]: 
 

 
Figure 1. Sweaty Community Hero Torch 
Runner on the way to the 1996 Atlanta 
Olympics along Jefferson Park Avenue, 
Charlottesville, VA 
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sk resM - W = Q  + Q .             (1) 
 
(This balance may be interpreted either on a total or per unit area basis.)  The terms on the right may be 
further expanded to give: 
 
    ( ) ( )sk res resM - W = C + R + E  + C  + E           (2) 
 

Here the symbols C and R represent the convective (and conductive) and radiative sensible heat 
losses from the skin, respectively, while Esk represents the evaporative (or latent) heat loss due to 
sweating.  Sensible heat transfer requires a temperature difference; evaporative or latent heat transfer 
requires a concentration difference and phase change (evaporation).  The terms Cres and Eres represent the 
convective (sensible) heat loss and the evaporative (latent) heat loss due to respiration.  Air entering the 
lungs is heated from the ambient air temperature to nearly the temperature of the body core, while it is 
expired with a relative humidity of nearly 100% based on the core temperature.  Even though these terms 
may be sizable, we do not deal with respiratory losses here.  We also neglect radiative losses (or gains on 
a sunny day), but will concentrate on the terms designated as C and Esk in Equation 2. 
 
 A more refined two-node transient model is also discussed in the ASHRAE Fundamentals [1].  
Here the body is divided into two concentric cylinders, the inner representing the core and the outer 
representing the skin layer.  The core region nominally comprises about two-thirds of the body mass and 
is maintained at a constant temperature of 36.8± 1oC [3].  The core fraction does vary with ambient 
temperature as blood is kept within the core under cold conditions (vasoconstriction) and is pumped out 
into the skin layer under warm ones (vasodilatation).  In the two-node model, heat stored in each is 
allowed to change with time, while heat transport between them is accomplished both by conduction 
through the tissue as well as by advection in flowing blood.  The results of even our simple steady-state 
model will show that such a transient model is needed in many cases.  For instance, our results later show 
that under many conditions a sprinter cannot dissipate enough waste heat to maintain that pace 
indefinitely.  It is well known that athletes may run a fever of a few degrees under stressful conditions; in 
that case heat storage is evidently a factor.  Though mammals, camels take advantage of thermal storage 
by actually allowing their core temperatures to drop by as much as 5 or 6ºC by radiation to the clear 
nighttime sky, thus in effect storing up “coolness” to begin the next day.  A typical camel conserves as 
much as 5 liters of water a day that would otherwise be lost in sweat using “night setback” of his or her 
internal thermostat [4]. 
 

In this simple exercise we approximate the human runner as a cylinder in cross flow under 
steady-state conditions and use a standard forced convection correlation to estimate the heat and mass 
transfer under a variety of conditions.  By automating the calculation a range of parameters may be easily 
studied and general trends noted.   
 
Implementation 
 

In the implementation discussed here we will use a number of modern spreadsheet 
features to create a workbook that is easy to set up, understandable to the reader, easy to change 
and readily amenable to design studies.   In particular, the use of Visual Basic for Applications 
(VBA) [5] from within Excel [6, 7], means that those structured programming practices which 
normally are associated with high level programming languages can be used for the parts of the 
calculation where the complexity of the algorithm demands it, i.e., to avoid “spaghetti code,” 
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while the spreadsheet can be used for data input, simple calculations and tabular and graphical 
output.   

 
Our estimate of the sensible and evaporative heat transfer from a runner involves a number of 

calculations [8].   The Excel workbook “Air-Water Properties” already has the needed fluid property 
functions (to be discussed later) included and is a good place to start.  You need to set up a worksheet to 
study runner velocities ranging from 1.0 m/s to 10.0 m/s (the former corresponding to an “amble,” the 
latter figure corresponding to a world class sprinter) in increments of 1.0 m/s.   Major parameters to be 
studied, in addition to the runner’s speed, are the ambient air temperature and relative humidity, as well as 
the skin temperature.  Within fairly close limits this latter parameter is one that the body will regulate 
(along with the perspiration rate) in order to get rid of enough waste metabolic heat. Typically a value of 
33.7oC (93oF) is taken as the skin temperature.  A standard forced convection heat transfer correlation is 
to be used. 
 

To begin, typical equivalent cylinder heights and diameters cited for an adult male are 1.8 m and 
0.3 m, respectively, but the DuBois formula [9] may be used for others: 

 
     0.425 0.725

DA = 0.108m L                    (3) 
where,  
 
    AD = DuBois surface area [ft2] 
    m  = mass [lbm] 
     L  = height [in]. 
 

Almost each column on the spreadsheet after the first one containing the velocities requires one 
or more fluid properties, which for a single calculation would probably just be looked up manually in the 
tables provided in the back of any heat transfer text.  In this exercise, where we want to study a range of 
parameters conveniently, it is desirable to have all those properties easily accessible to the spreadsheet, 
either in tabular form or in the form of equations.  So for instance, for each velocity from 1.0 to 10.0 m/s 
we first need to find the Reynolds number based on the runner’s body diameter: 

 

    air
D

air

ρ VDiameterRe = .
μ

               (4) 

 
The diameter comes from a particular cell, but rather than refer to that cell by its absolute address 

(using the notation, e.g.,  $B$9 to indicate an absolute instead of a relative address), we name the cell 
holding that value “Diameter” so that subsequent formulae clearly indicate that it is the diameter being 
used.  Here the air properties density (ρ ) and viscosity (μ ) are to be evaluated at the film temperature, 
defined as the mean of the skin surface temperature and the ambient air temperature (both of which are 
input parameters).  Fluid property functions written in VBA are provided and can be used directly in this 
formula. In addition we can name the whole range of cells holding the 10 velocities to be explored as 
“Velocity”, i.e., we can designate these values as what we would call a vector in traditional programming 
languages. Thus, for example, the formula for cell B12 may read: 
             
  =Density_Air(Tfilm)* Velocity *Diameter / Viscosity_Air(Tfilm).   (5) 
 
Here Tfilm  refers to the value stored in that named cell and “Velocity” refers to the entry in that range 
corresponding to this row (Row 12).   By referring to the four variables in the above equation by 
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meaningful names rather than cell addresses, we have made this cell formula vastly easier to understand 
and debug than otherwise.    
 

The convective heat transfer coefficient ( h ) for forced convection over a cylinder is given in 
non-dimensional form as a function of the Reynolds and Prandtl numbers:  
 

  
( )( )

4/55/81/2 1/3
D D

D 1/42/3
air

0.62Re Pr Reh DNu = = 0.3 + 1 + .
k 282,0001+ 0.4/Pr

⎡ ⎤⎡ ⎤
⎢ ⎥⎢ ⎥⎣ ⎦⎢ ⎥⎣ ⎦

           (6) 

 
The former (Re) is computed in (5), the latter (Prandtl) is another temperature-dependent fluid property.   
The calculation of this correlation of experimental data by Churchill and Bernstein [8] could probably be 
input into a particular range of cells (or because of its complexity would more likely be broken into a 
sequence of operations and spread across several columns), but it is probably easier to open up a module 
(Tools, Macro, Visual Basic Editor in Excel 1997-2003 or from the Developer Tab in Excel 2007) and 
then write a nicely structured and documented VBA function to evaluate the expression.   The Reynolds 
number from the second column and the Prandtl number from above are passed into the function, and the 
value of Nusselt number based on diameter is returned - just as they would be in any high-level 
programming language.  Thus, a typical cell formula invoking this user-supplied Nusselt function might 
read:  = Nusselt(B12,Prandtl).   From the Nusselt number, the convective heat transfer coefficient can be 
determined as:   
 

D
air

Nuh = k
Diameter

        (7)  

 
Here again, the thermal conductivity of air (kair) is one of the property values provided as a VBA function.  
The sensible heat transfer follows directly from the convective heat transfer coefficient, the cylinder 
surface area (neglect the ends) and the driving temperature difference (Tskin - Tair).    At this point your 
spreadsheet probably has five columns:  velocity, Reynolds number, Nusselt number, convective heat 
transfer coefficient and sensible heat transfer. 
 

Now using the analogy between heat transfer and mass transfer, estimating the latent or 
evaporative heat loss is a relatively easy matter.  At first we assume that the body (cylinder) is entirely 

covered with sweat.  Now feed the Reynolds number and the Schmidt number ( air

air ab

μ= 
ρ D

) to the same 

Churchill and Bernstein function, and this time it will return the Sherwood number (= m

ab

h Diameter
D

).  

Here Dab represents the binary diffusion coefficient for water vapor in air (and is a tabulated number for 
several pairs of species).  The binary diffusion coefficient serves the same role in Fick’s Law of 
Diffusion: 

 

    AB
dCn  = - D
dx

′′      (8) 

 
as the thermal conductivity serves in Fourier’s Law of Conduction: 

 



 
 

Sweaty Runner Project 5

    
dTq  = - k
dx

′′       (9) 

 
With the Sherwood number returned by your C-B function you can solve for the convective mass transfer 
coefficient (hm).      

 
The convective mass transfer is determined from the product of hm, the runner’s surface area and 

the concentration difference between the surface and the ambient air.  The latter is based on an assumed 
100% relative humidity at the skin surface temperature and the specified ambient value away from the 
surface based on temperature and relative humidity.   Of course, if the runner sweats too profusely, much 
of it will just drip off without evaporating.  For an average male the ASHRAE Handbook [1] gives an 
approximate upper limit on the total sweat rate of 4.0 lbm/hr (1.8 kg/hr) and a maximum useful rate of 
approximately 2.4 lbm/hr (1.1 kg/hr).   Finally, knowing the heat of vaporization, the latent heat transfer 
can be found on the assumption that the body is providing the heat necessary to evaporate all the sweat.  
The properties of water needed, including the specific volume of water vapor and its heat of vaporization 
(hfg), are again provided as functions of temperature in VBA macros.  (In fact, the only needed property 
not provided in VBA is the binary diffusion coefficient Dab , and for that a single value can be used for all 
cases.) 

 
Some sketchy data for the metabolism (M) as a function of velocity based on the hypothetical 

dimensions given above are given in Lunardini [10]: 
 

Velocity (m/s) Metabolism (Watts) 
.67 188 
1.34 273 
1.8 378 
4.5 1050 
10.0 4200 (estimated) 

 
The rate while sitting quietly is about 100 W.  Some similar data for bicyclists may be found in [2].   At 
the lower velocities we conclude that the runner would be able to dissipate all the heat necessary; his skin 
“wettedness” would simply be less than the 100% assumed in our calculation.   Your calculations will 
show that even at a relatively low humidity level and comfortable air temperature a sprinter would have 
difficulty getting rid of enough heat, and thus we conclude that such a pace could not be kept up very 
long – simply from a heat transfer standpoint.   
 
Task List 
 

1.  Create spreadsheet as discussed. 
 

2.  Run your spreadsheet for the two sets of parameters given below (and for your geometry) and 
then plot the sensible, latent and total heat transfer for velocities from 1.0 to 10.0 m/s in 1.0 
m/s increments. 

 
 Case A:  Tsk = 34 oC (93 oF), Tair = 24 oC (75 oF), R.H. = 50% 
 Case B:  Tsk = 34 oC (93 oF), Tair = 32 oC (90 oF), R.H. = 80% 
 
      In this part you are assuming that the whole body cylinder is covered in sweat, so your 

predictions are of the maximum possible heat the runner could get rid of under these 
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conditions and not what he or she would actually generate.  Compute and report the sweating 
rate for all cases and compare with typical values from the ASHRAE handbook mentioned 
earlier. Comment on your findings.  

 
3.  BONUS: Start a new worksheet and for the fourth case in Lunardini’s data in the notes you 

are to create a contour map of the heat stress index as a function of temperature  (from 280 - 
315 K in increments of 5 degrees) and relative humidity (from 0.0 to 1.0 in 0.1 increments).  
Now you will have to create one grand VBA function that accomplishes everything you did 
with cell formulae in Step 2.   The percent wettedness comes from:  total heat to be 
transferred (1000 W here) = sensible heat transfer + % wettedness * latent heat transfer based 
on 100% wettedness (the quantity computed in Step 2).    This number should be limited to 
100%.  

 
Conclusion 
 
 Obviously the model implemented here is extremely simple.  It can, however, at least be used to 
explain a number of commonly observed phenomena, e.g., the very big effect of ambient humidity on 
one’s comfort level, that an athlete’s stamina is higher on the open road than it is on a stationary bicycle 
or treadmill in a stuffy gym, etc.  Of course, anyone can come with some objections to the assumptions 
made.   A more sophisticated model that addresses a number of those issues has been presented by Galbis-
Reig [11].  Additional current references may also be found there and in Reference [12].   Recent research 
involving enhancing athletic performance through artificial removal of waste metabolic heat through the 
hands is discussed in [13]. 
 
When you are done with this project you should understand: 
 

1. The value of exercise in burning excess calories. 
2. The difference between sensible and latent heat transfer. 
3. The mechanics of computing the convective heat transfer coefficient (h) from a typical empirical 

correlation: 
1. Selection of appropriate correlation, 
2. Evaluation of necessary properties. 

4. The driving mechanism for sensible heat transfer. 
5. The analogy between heat and mass transfer. 
6. The driving mechanism for latent (evaporative) heat transfer. 
7. How to write and use VBA macros. 
8. How to organize a spreadsheet and display and interpret results in a logical fashion. 
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Appendix:  Implementation of the Property Functions 

 
 Visual Basic for Applications (VBA) provides a wealth of programming structures and features 
[5].  Here we focus specifically on the property functions provided for use with this project.  State and 
transport properties of air needed in this calculation are the thermal conductivity, constant pressure 
specific heat, Prandtl number, density and viscosity, all at atmospheric pressure.  The same transport 
properties plus the specific volume of the saturated vapor and latent heat of evaporation of water are also 
needed for the mass transfer (sweating) calculation.  While Excel does provide functions for table lookups 
[6], they do not linearly interpolate for values not explicitly listed in the tables.  Thus a function was 
developed for each of the needed air and water properties.  The user simply invokes these functions in the 
same way he or she would use a supplied, e.g., trigonometric, function.  The eleven user-invoked 
functions, each of which goes by a highly descriptive name (Prandtl_Air, Viscosity_Water, etc.), in turn 
invoke a single interpolation routine.  Arguments sent from the property functions to the interpolation 
function are the interpolation variable (temperature in all cases), the column reference in the data table for 
the particular property and the identifier of the fluid.  A message box warning that the sought-after 
temperature value is outside the range of the table is returned where appropriate.     
  

Each of the functions listed below returns the requested air or water property as a function of 
temperature in degrees Kelvin.    The units for each are given at the top of the VBA function itself.  

 
Conductivity_Air(Temp) 
Cp_Air(Temp) 
Prandtl_Air(Temp) 

Density_Air(Temp) 
Viscosity_Air(Temp) 
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Conductivity_Water(Temp) 
Cp_Water(Temp) 
Hfg_Water(Temp) 

Prandtl_Water(Temp) 
Viscosity_Water(Temp) 
SpVolVap_Water(Temp) 
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