
Fluid 

Distilled water 
CMC domestic 
CMC distilled 
Nat domestic 
Nat distilled 
J-2P domestic 
J-2P distilled 

TABLE 2. POWER LAW CONSTANTS 

80°F. 
n 

1.00 
0.87 
0.65 
0.89 
0.90 
0.95 
0.93 

ditive were weighed to 0.1% accuracy 
after the moisture content of the additive 
had been accurately determined. The 
powder was dispersed in a vortex formed 
by agitating the water with a propeller 
mixer and allowed to dissolve at room 
temperature. 

Two se arate tests utilizing commer- 

to cover the shear rate range desired. The 
Fann Model 35 rotational viscometer was 
used to measure the shear stress at dis- 
crete shear rates below 3,300 sec.-l, while 
the Merrill Brookfield High Shear Rate 
Viscometer was used in the shear stress 
range from 3,000 sec.-l to 70,000 sec.2. 

In addition to measuring the final (after 
24 hr.) viscosity, the Fann viscometer was 
used to determine the viscosity of each of 
the six solutions as a function of time. 

Figure 1 demonstrates the marked de- 
pendence of the final Viscosity of the 
CMC solution on solvent purity. Although 
the impurity content of the domestic 
water used for the tests was extremely 
high, there is every reason to believe that 
smaller amounts of impurities would still 
produce some deviation from the viscos- 
ity expected with the distilled water, not 
necessarily in proportion, however. The 
final viscosity of the other two additive 

cially avai P able equipment were required 

a 

0.0085 
0.050 
0.56 
0.040 
0.034 
0.023 
0.027 

n 

1.00 
0.84 
0.65 
0.91 
0.90 
0.93 
0.91 

95°F. 
a 

0.0072 
0.056 
0.4Y 
0.030 
0.030 
0.023 
0.027 

solutions has relatively little dependence 
on the solvent purity, as shown in Table 2. 

The effect of increased solvent purity 
on Natrosol was an increase in the time 
required for the solution viscosity to reach 
its steady state value. During this time 
the exponent tz did not change, although 
the coefficient increased significantly. Four- 
teen minutes after mixing, the coefficient 
for the Natrosol distilled water solution 
was 88% of the final value, while the co- 
efficient for the Natrosol domestic water 
solution was 98% of its final value. The 
steady state viscosity was reached after 
approximately 30 min. Neither CMC nor 
J-2P showed any significant difference in 
the time required for the viscosity to 
reach its final value. Of the three addi- 
tives only J-2P had a viscosity indepen- 
dent of both time and solvent purity. 

Tabulated in Table 2 are the power law 
constants n and a at 80” and 95°F. In 
every instance the effect of the additive 
is to alter the normal dependence of the 
viscosity of water on temperature. 

The results of these simple experiments, 
shown in Figure 1 and Table 2, demon- 
strate that solvent urity is of considera- 
ble importance in Ltermining the viscos- 
ity of non-Newtonian fluid solutions espe- 
cially for anionic polymers. Once the rheo- 

logical properties are completely defined 
and measured, a more realistic approach 
can be made to understanding the total 
effects of solvent purity on the rheology 
of an elasticoviscous fluid. 
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Heat Transfer Efficiency in Rough Pipes at High Prandtl Number 
J. W. SMITH and R. A. GOWEN 

University of Toronto, Toronto, Canada 

Recently, Dipprey (1) has suggested 
that heat transfer efficiency, defined 
by heat transmission per unit pressure 
drop, might be higher in rough tubes 
than in smooth ones for fluids with a 
high Prandtl number. If for these 
fluids the increase in efficiency is suffi- 
ciently large, the use of rough pipes for 
transferring heat becomes economically 
feasible. 

To date very little data have been 
published for heat transfer in rough 
pipes for fluids with Prandtl number 
greater than 8, although many studies 
have been made in the field (1 to 3 ) .  

Without exception previous results have 
shown that smooth pipes are more effi- 
cient than rough ones. Preliminary ex- 
perimental results reported here, how- 
ever, show a significant improvement 
in efficiency of heat transfer to a fluid 
having a Prandtl number of 349 over 
that obtained under similar flow condi- 
tions in a smooth tube. 

EXPERIMENTAL 

Three experimental test sections were 
used in the investigation, one being a 
smooth tube that was used for compara- 
tive purposes. The other two sections 

were roughened by internally threading 
two 96 in. I.D. brass pipes with specially 
made taps. The test section of the ap- 
paratus was electrically heated and the 
readings from the voltmeter and am- 
meter were used to determine the heat 
input. The wall temperatures were rneas- 
ured with four thermocouples embedded 
in the pipe, and the readings from them 
were recorded on a strip chart potentiom- 
eter. Water and Ucon, a polyalkylene gly- 
col with a Prandtl number of 349, were 
used as the experimental fluids. The heat 
transfer coefficient and the friction factor 
were determined at various Reynold num- 
bers for all three tubes from the pressure 
drop and temperatu readings. 
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Fig. 1. Friction factor plot for smooth and rough pipes. 

RESULTS 

A Reynolds number range between 
1,000 and 10,000 was studied; unfor- 
tunately larger values could not be ob- 
tained in the present apparatus with 
the highly viscous Ucon. 

The friction factor f was calculated 
and plotted against Reynolds number 
as shown in Figure 1 for both the 
smooth and rough tubes. The experi- 
mental points for the smooth tube fol- 
low the accepted curve, and therefore 
support the assumption that Ucon is 
completely Newtonian. The equivalent 
sand roughness eJD was obtained by 
comparing the rough tube friction fac- 
tor plots of Figure 1 with a Fanning 
plot (6). The recorded e , /D  is there- 
fore an equivalent sand roughness and 
not the actually measured e / D .  Ini- 
tially, the smooth tube exchanger was 
tested by using water as the heat trans- 
fer fluid. The results agree well with 
the accepted data published by Mc- 
Adams (4). Since the transfer of heat 
to rough pipes is affected by the 
Prandtl number of the fluid and the 
type of roughness as well as the rough- 
ness height, it is difficult to compare 
data with those of other workers. How- 
ever, Cope (2) perC rmed similar heat 
transfer experime 5 in 1941 with 
pipes that were roi hened by knurling. 

‘VJ 

Some of his data are plotted in Figures 
1 and 2, in order to compare the fric- 
tion factors and Nusselt numbers with 
the author’s results. In the present in- 
vestigation the bulk Prandtl number 
was kept constant by varying the heat 
flux, but in Cope’s work, heat flux, wall 
temperatures, and the Prandtl number 
were varied. This accounts for the 
slight difference in slope between the 
two sets of data in Figure 2.  The dif- 
ference in magnitude of the Nusselt 
number can be attributed to the differ- 
ent roughness pattern and the smaller 
Prandtl number (approximately 7 to 
the authors’ 8). The rough-pipe heat 
transfer experiments of Dipprey (1 ) 
and Hastrup ( 3 )  are also of interest 
but their results were obtained only 
with water in a different Reynolds 
number range (10,000 to 1,000,000). 

Figure 2 clearly indicates that the 
increase in heat transfer due to rough- 
ness is far greater for Ucon than it is 
for water. These findings are supported 
by boundary-layer theory but not by 
most empirical equations proposed to 
date. In 1952, Sams ( 5 )  developed an 
equation for heat transfer to low 
Prandtl number fluids in rough pipes. 

,000 

3 4 5 6 7 8 9 l.0,OOO 
L. 

Fig. 2. Vuriation of Nusselt number with Reynolds number for 
water and Ucon in smooth and rough pipes. 
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LEGEND 

0 0.026 
a 0.06 

10 

as the increase in efficiency over that 
in the smooth tube is never less than 
200% in the region studied. 

It can be shown from boundary- 
layer theory that a smooth tube will 
eventually become more efficient than 
a rough one as the Reynolds number is 
increased, regardless of the Prandtl 
number of the fluid. However, the 
larger the Prandtl number the higher 
the Reynolds number must be in order 
for this to happen. Therefore in prac- 
tice this fact is not important because 
very high Reynolds numbers are ex- 
ceedingly difficult to obtain with vis- 
cous and consequently high-Prandtl- 
fiumber fluids. 

The work is now being extended to 
cover a wider range of Reynolds and 
Prandtl numbers in tubes with differ- 
ent roughness patterns. 

NOTATION 

f = friction factor 
e , /D  = equivalent sand roughness 
e / D  = measured roughness 
A”, = Nusselt number 
N,, = Prandtlnumber 
ArR, = Reynolds number 

Loo0 Ns ,  = h/puc, = Stanton number 

Fig. 3. Heat transfer efficiency for smooth and rough pipes. 

His equation does not provide the 
Stanton number with a Prandtl number 
dependence. Consequently, the present 
experimental results for Ucon are an 
order of magnitude smaller than the 
predicted results of Sams’ equation. 

Heat transfer efficiency can be repre- 
sented by the dimensionless group 
N,,/f N R e ,  which is equivalent to the 
heat transmission per unit pressure 
drop. Figure 3 shows the variation of 
this group with the Reynolds number 
for all the tubes and fluids used in the 

investigation. As reported previously 
(1 to 3) ,  the smooth tube was more 
efficient than either of the rough tubes 
when water was used as the test fluid. 
However, in the case of Ucon, the 
rough tubes are significantly more effi- 
cient in the transition-turbulent region. 
This difference in behavior holds 
whether the true surface area or the 
effective smooth surface is used to cal- 
culate the heat transfer coefficient. The 
increase in surface area for the rough- 
est tube does not exceed 2S%, where- 
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Diffusion with Consecutive Heterogeneous Reactions 
J. L. HUDSON 

University of Illinois, Urbono, Illinois 

Irreversible first-order heterogeneous A, + && 3 products ( 1) with boundary conditions 
chemical reaction on the wall of a tube 
in which a fluid is flowing in fully de- The concentrations are taken to be di- 

lute and fluid properties are assumed 
x = o  
y = o  C, = finite 

c, = 1 

ac, 
dY 

velo~ed laminar flow has been studied 
by several investigators ( l ,  2)* In this 
note the problem be extended to 

parallels that Of Wissler and 

constant. A plug flow velocity profile 
will be used, although a beat- 
merit could be used for the Poiseuille 

the dimensionless material balance on 

- - K,C, -_  y = l  
the case of consecutive reactions. The 

Schechter (3), who treated consecutive component is 

actions. -- 

distribution. Under these restrictions The solution to this system is 

C, = 2 a&-xcz2Jo(Ary) (3) 
< 

( 2 )  where ‘ 2  

irreversible Erst-order homogeneous re- 1 d ac, ac, 
Consider the heterogeneous reactions 9 dY dY ax 

y-=- 
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