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Abstract 

Knowledge of the heat transfer coefficient is believed to be of great contribution 
in the course of a full design of a solar dryer. To find an expression for the heat 
transfer coefficient, the general logarithmic velocity profile for turbulent flow is 
used for the analysis. It is assumed that the fluid is air at atmospheric pressure, 
and that the thin wall laminar sublayer has a small or negligible effect on the 
value of the fluid bulk temperature. The final form of the correlation equation 
gives a relation between Nusselt number and Reynolds’ number, and is given in 
a form which is easy to remember by the solar dryer designers. Comparison of 
the predicted values indicates that the correlation can predict values to within 
 6% of experimental values reported in literature. Expected errors of nearly 
 25% were observed when the correlation predictions compared with well 
known correlations found in literature and in text books. 
Keywords: heat transfer coefficient, crops solar dryers, turbulent velocity 
profile, turbulent thermal diffusivity. 

1 Introduction 

Drying crops such as hay, corn, beans, tomatoes, onions, etc., has been known to 
man for thousands of years. The drying method used then was purely natural; by 
simply distribute the crop on a flat ground, and let nature dry it. Very little of 
industrial pollutants those days were existed, and the insects effect was not of 
any concern. Today this same method is still used locally, in the presence of 
industrial and growing natural pollution. Dates, tomatoes, unions, apricots, and 
even meat and fish are dried in open areas. Many of the diseases in the African 
countries are related to foods dried this way. A cleaner and a more healthy 
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method is required, especially when drying products that can get dirty due to 
adhesion and sticking of exhaust gases,  ashes, and dust, or when drying meats 
and some fruits which contain sweet juices, and aromas that attract insects. 
     A proposed program to fully design a family solar dryer to dry local crops is 
considered by the Mechanical Engineering Department, El-Fateh University. The 
proposal consists of three phases. The first is to make a preliminary design of a 
simple and cheap dryer geometry and to report the moisture content of all the 
crops to be dried. The second phase is the thermal design and analysis, a purely 
theoretical study. The third phase is the design and manufacturing of a cheap 
type solar dryer and the measurements of all the parameters needed for the 
analysis. In this paper only one task is presented, the derivation of the heat 
transfer coefficient correlation that is simple enough to be remembered by the 
solar dryer designers. 

2 Crops solar dryers 

Crops solar dryers can take different geometries and sizes.  The airflow in solar 
dryers can be a natural flow or a convective one. The most widely used solar 
dryer of the medium size is the tunnel type solar dryer, figure 1 [1]. It is used to 
dry products by warm air. The energy needed for this type is made available by 
either trapping the solar energy using a plastic cover or by sing a flat plate solar 
collector as a cover. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Tunnel type solar dryer [1]. 

     The box type solar dryer is another widely used type. The box sides and top 
are covered by transparent plastic sheet to trap the solar energy while its bottom 
is well insulated. It contains one or more perforated shelves to contain the 
product to be dried. Figure 2 shows an example of box type solar dryers [2]. 
Other types of solar dryers can be considered to have both advantages of the box 
solar dryer and the tunnel type solar dryer as in figure 3 [3]. It can be seen that a 
flat plate solar collector is also needed in this type. The collector plate can be 
tilted or rotated to face the sun. 
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Figure 2: Box type solar dryer [2]. 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3: Convective crop solar dryer [3]. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: The proposed solar dryer. 

Black flat plate 
solar collector 

Sun Energy 
Glass plate to 

enhance heating 

Perforated plate or 
screen 

Insulated bottom  
plate and drainage 

Product 

Air in 

Air  
Out 
 
 
 
Suction 
Fan 

AC filter 

θ

Air in 

Air out to 
chimney 

 Shelves 

Inlet 

Inlet 

Solar 
Collector 

Pressure chamber 

Drying bed 

duct 

fan 

Energy and Sustainability III  371

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 143, © 2011 WIT Press



     The solar collector plate can be the bottom of the dryer channel provided that 
the cannel aspect ratio is large and only air flows through it. It also can be on the 
top of the dryer channel if the products are to be placed in the channel. It s 
believed that in this case the channel can be considered of large aspect ratio due 
to the small thickness of the space between the top hot plate collector and the 
edge of the product, which is the case to be considered in this paper. 
     Figure 4 shows a proposal for a horizontal or slightly inclined simple and 
cheap solar dryer. This dryer must have its bottom and sides well insulated. 
Forced convection is guaranteed by forced flow of air under the collector plate. 
The air stream is heated due to direct contact with the plate above it. The 
products inside the duct work as a trip to force the flow to be turbulent flow even 
when the flow velocity is low. 

3 The heat transfer coefficient  

The heat transfer mechanism to the air from the upper hot plate depends on the 
characteristics of the turbulent velocity. The velocity profile is known to follow 
the law of the wall as seen in figure 5.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: Velocity distribution in turbulent flow [4]. 

     Giedt [4] gave the profiles of temperature for the three regions according to 
the law of the wall:  

 
Laminar sublayer:     
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Buffer layer: 
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     In the above equations, Tw is the wall temperature, T1=T(y+=5), T2=T(y+=30) 
as shown in figure 2, E in the second equation is the ratio of the eddy diffusivity 
of heat to that of momentum, 

MH  and y in the third equation is the distance 

from the hot plate to a point in the turbulent core. Although E was found to be 
nearly 1.4, many analyses use this ratio as one [4]. 
     In order to find the bulk temperature, TB, at a section, the above equations 
need to be integrated, and the Nusselt number must be defined using TB. To 
simplify the analysis, the turbulent temperature profile, as shown in figure 6, is 
considered to be almost uniform at a section except at the laminar sublayer. 
Substituting y+ = 5 in equation (1), and y+ = 30 in equation (2), yields the 
following:            
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Figure 6: Velocity and temperature profiles under the dryer hot plate. 

Where: 
  wT the increase or decrease in temperature through the laminar sublayer, 

  bufferT the increase or decrease in temperature through the buffer layer. 

Velocity profile Temperature profile 

       Laminar sublayer        Buffer zone       Turbulence core

T2            T1          Tw 
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4 Determination of the channel bulk temperature 

The fluid bulk temperature is found by choosing a control volume at the outer 
edge of the buffer zone, figure 7, assuming that the laminar sublayer and the 
buffer zone are very small compared to the height of the channel, and that all the 
heat they receive from the upper wall is transferred to the bulk of the fluid in the 
turbulent zone by conduction only. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: The control volume for the heat balance analysis. 

     Assuming that the lower bottom of channel is completely insulated, and that 
the heat transfer to the fluid in the turbulent core is from the upper wall, the heat 
balance is given by: 
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Choosing a more general control volume in the turbulent core at a distance y > yb 
from the wall, noting that in this region )dydT(cq Hpcond   : 

 

x
dx

dT
cyawuxw

dy

dT
c pmHp  )( , 

 

 
dx

dT
yau

dy

dT
mH )(  . (7) 

 

Dividing equation (6) by equation (7), arranging and integrating from T2 at yb to 
T at y, we get: 

  )(5.0)(
)(

22
2 yyyya

yac

q
TT bb

bHp

w 





 (8) 

 

x ∆x 

yb 

a-yb 

a 
xconvq  

dxxconvq


 

wcond qq   T2 
y 

374  Energy and Sustainability III

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 143, © 2011 WIT Press



The above equation is used to determine the equation for the fluid bulk 
temperature, which in turn used to find the equation for the Nusselt number. The 
fluid bulk temperature is defined as [8]: 
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where um is assumed uniform in the turbulent region, and pcand,  are 

considered constants. Substitution for T from eqn. (8) in eqn. (9) gives: 
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Simple division of the term between the square brackets by 2)ya( b reduces 

the above equation to the following: 
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Given that )()()( 2211 BwBW TTTTTTTT  , equations (4), and (5) 

are then used to find the equation for (Tw-TB) as follows: 
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     The turbulent heat diffusivity relation is not given very explicitly in many of 
the literature papers that have been reviewed. A relation for this quantity as a 
function of Reynolds’ number can be arrived at from reference [6] as:  

 1211572547 .Re.
H



  . (13) 

The above equation is found to take the exponential form as in figure 8. 
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Figure 8: The dependence of the ratio H/   on the air flow Reynolds 

number. 

     In the above equation Reynolds’ number is defined as: /VDRe H  and is in 

the range of 44 10510 to . It should be mentioned that the results of eqn. (13) 

are not verified to be correct over a wide range of Re yet, and the equation 
should be used with great caution. Since the aspect ratio of channel dryers is 
high, ,aw   it follows that the hydraulic diameter is: 
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Inserting equation 13 into equation (12), we get: 
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     Using 1225019191808 .Re./f   for the operating range of Re=4x103 to 

Re=105, and 8/fu mw   from the balance of the shear forces and 

the pressure forces [5], in eqn. (14) we get:  
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The above equation is the general equation to predict the temperature difference 
between the wall and the fluid bulk temperature. 
     For air at the average working temperatures in dryers, Prandtl number is very 
close to 0.69. Inserting this into the above equation we get: 
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5 The heat transfer correlation  

By definition, Stanton number is given as: 
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Substituting for ( Bw TT  ), and for  Pr = 0.69 in the above equation, and using 

the least square method to take the form nRea , we get: 

 10086000860 860860 /Re.Re.Nu ..  . (15) 
 
     Equation (15) is the final form of the correlation between Nusselt number and 
Reynolds’ number. It can be seen that this relation is easy to remember, and that 
the only numeric value to be memorized for both the constant and the index is 
0.86. The author will point to this equation as the Giedt correlation after the late 
Prof. Warren A Giedt whose contribution in thermophysics and heat transfer is 
outstanding. 

6 Comparison of the correlation predictions  

Giedt’s correlation, eqn. (15), must be validated using experimental 
measurements and other available correlations found in literature. 

6.1 Comparison with experimental measurements 

Since the correlation is derived using turbulent assumptions, the results of 
Nusselt numbers are compared with experimental results made by [7] for the 
range of 104<Re<5x104. Predictions out of this range of Re could not be verified.  
     Table 1 shows the correlation predictions of Nu, and surprisingly it predicted 
the values of Nusselt numbers to within ±5% of the experimental values. 
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Table 1:  Comparison of the predicted Nu of Giedt’s correlation with 
experimental results of [7]. 

Re 5000 10000 20000 30000 40000 50000 60000 

Giedt’s eqn. 13.05 23.7 43. 60.9 77.5 94.5 110.6 

Experiments    - 24.87 43.31 59.9 75.4 90.14 - 

Error, % - -4.7 -0.7 +1.6 +2.8 +4.8 - 
 

6.2 Comparison with some correlations in literature 

In order to validate the predictions of Giedt’s correlation, it is compared with 
some correlations found in literature. It was not clear from these correlations 
however that the circumstances are the same.  

6.2.1 Reynolds analogy 
The definition of Stanton number from Reynolds analogy is given by: 
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Substitution of the definition of turbulent shear, 41203860 /

mw Reu.    [5], 

and 690.Pr   into the above equation yields: 

 4302660 /Re.Nu  . (16) 

Table 2:  Comparison of the predicted Nu with eqn (16). 

Re 5000 10000 20000 30000 40000 50000 60000 

Giedt’s eqn. 13.05 23.7 43. 60.9 77.5 94.5 110.6 

Eqn. (16) 15.81 26.6 44.7 60.63 75.2 89.0 102 

Error, % 18 12 5 0.6 -3 -5.6 -7.7 

6.3 Colburn analogy  

Colburn analogy modifies equation (16) by the factor of 31 /Pr  as follows, 

 314302660 // PrRe.Nu  . (17) 

Table 3:  Comparison of the predicted Nu with eqn. (17). 

Re 5000 10000 20000 30000 40000 50000 60000 

Giedt’s eqn. 13.05  23.7   43. 60.9 77.5 94.5 110.6 

Eqn. (17) 14 23.5 39.5 53.6 66.5 79. 90. 

Error, % 8.1 0.2 -7.8 -12.5 -15.2 -19.0 -23 
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6.3.1 Air flow in smooth ducts 
Holman [9] gave the following correlation for air flow in smooth ducts: 

 40800230 ..
d PrRe.Nu  , (18) 

Table 4:  Comparison of the predicted Nu of Giedt correlation with eqn. (18). 

Re 5000 10000 20000 30000 40000 50000 60000 

Giedt’s eqn. 13.05 23.7 43. 60.9 77.5 94.5 110.6 

Eqn. (18) 18.04 31.4 54.7 75.6 95 113.9 131.8 

Error, % 27 25 21 19 19 17 16 

6.3.2 Flows of fluids with 0150 .Pr.   
Karlekar and Desmond [5] reported that for flows in smooth pipes, the following 
correlation applies: 

 60800220 .. PrRe.Nu  , (19) 

Table 5:  Comparison of the predicted Nu with equation (19). 

Re 5000 10000 20000 30000 40000 50000 60000 

Giedt’s cor. 13.05 23.7 43. 60.9 77.5 94.5 110.6 

Eqn. (19) 16. 27.9 48.6 67.2 84.6 101. 117. 

Error, % 18.4 15. 11.5 9.4 8.4 6.4 5.4 

7 Discussions and conclusions 

From the above comparisons, it can be seen that the developed correlation is 
strikingly in good agreement with the experimental measurements of [7]. The 
5% error in almost all engineering applications, especially in the field of 
convection heat transfer, is considered very acceptable. 
     Comparison with other correlations shows higher percentage errors. Holman, 
[6], reported that equation (18) predicts values within 25%. The predicted 
values of Giedt correlation are shown to be within this range of errors when 
compared with almost all correlations used for comparison. Except for eqn (18), 
Giedt’s correlation predictions are found to be within 20% of those predicted by 
other correlations in the range of 10000 < Re <  50000.  
     It can be concluded that the Giedt correlation can be used with confidence for 
the purpose of calculating the heat transfer coefficient within errors of nearly 
5%. It has a simple and easy to remember form. T he correlation can be used for 
comparison when conducting experimental measurements in forced convection 
solar dryers, which will be conducted in a later phase of the design of family size 
solar dryer. 
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Nomenclature 

A                           solar collector flow area, m2 

a                            distance between top and bottom plates, m 

E                           the ratio 
MH   

f                             the friction coefficient 

h                              the heat transfer coefficient,  W/m2K 

k                            the conductivity, W/mK 

qw                          the wall heat transfer, W/m2     

T                           temperature, K        

Tw                         wall temperature, K      

T1                          temperature of the edge of the laminar sublayer, K 

T2                          temperature of the edge of the buffer zone, K 

u                            air velocity, m/s 

u+                          non-dimensional velocity       

x                            coordinate in the flow direction, m           

y                            coordinate and distance from the dryer collector plate, m       

y+                          non- dimensional coordinate 

yb                           distance from collector top plate to the outer edge of the 
                              buffer zone 

H                         turbulent heat diffusivity 

M                        turbulent momentum diffusivity                 

                          density, kg/m3 

                           kinematic viscosity,  m2/s                 

                           (also s )   shear stress, N/m2                        

w                          wall shear stress, N/m2                          
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