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j , r , , , 1 , , , , g f I J is better than that at 3OO”K, since the prediction at 300°K 
should be most reliable as it is purely based on the France- 
Williams band absorption data. 
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NOMENCLATURE 
9. dimensionless velocity distribution of the laminar 

distance between the plates through which laminar --side fluid. u/ii ; 
flow occurs ; 
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Graetz function ; 
heat transfer coefficient of fluid i; 

heat capacity flow rate ratio, C, W,/C, WI ; 
thermal conductivity of the laminar-side fluid; 

relative thermal resistance of the common wall 

and turbulent side convection ; 
wall thermal conductivity; 

axial length measured from the laminar side inlet ; 
overall length of the exchanger: 

laminar side Nusselt number, 20 h,/k ; 

overall Nusselt number, 2a U,/k; 

normalised laminar-side Nusselt number; 

laminar-side PtclCt number, 2a ii/a ; 
temperature of fluid i; 

laminar side inlet temperature; 

turbulent side inlet temperature; 

local axial laminar side fluid velocity; 

average laminar side fluid velocity; 

overall heat transfer coeffkient referred to laminar 

side ; 
mass rate of flow of fluid i; 

dimensionless transverse position, y/a; 

transverse position measured from the bottom 

plate; 

dimensionless axial position (2/Pe)(l/a); 

dimensionless heat exchanger length (2/Pe)(L/a) ; 
thermal diffusivity of laminar side fluid ; 
heat exchanger effectiveness; 

dimensionless temperature of fluid i, 

(4 - t2, owi. 0 - t2.0 ); 

dimensional energy equation for the tube-side fluid and 

showed that predictions can be made by use of the actual 
fully developed heat transfer coefficient and an effective heat 

exchanger length and that both of these quantities depend 

on the operating conditions of the exchanger. 

The present note applies the above analysis to a parallel 

plate heat exchanger with laminar flow on one side and 

turbulent flow on the other. The fully developed Nusselt 

number and the thermal entrance length are given as 

functions of operating parameters for both cocurrent and 

countercurrent flows. 

ANALYSIS 

A schematic of the parallel plate exchanger is shown in 

Fig. 1. Assuming a constant heat-transfer coefficient on the 

turbulent side, the appropriate laminar side energy equation 

is written in dimensionless form as 

a% __ = g(x) g, 
ax2 

51(x,z): 0 < x < I (1) 
o<z<z 

Cocurrent - y2 -Counter current- 

I,,0 

Turbulent flow 
4 

- 

) 
\\\‘b~\\\\\\\\\\\\\\~\~ 

k 
additional heat exchanger length ; 

(co), fully developed values. 

Subscripts 

1, laminar side ; 
2, turbulent side; 

co, fully developed value. 
FIG. 1 

0 Y Laminar flow 

I 

k 
Schematic diagram of a parallel plate heat exchanger. 

THE DESIGN of heat exchangers, is customarily based on the 

tions. This assumption is reasonably valid only for turbulent 

flow of fluids [l, 21. But for fluids in laminar flow the heat- 

assumption of uniform heat-transfer coetlkient along the 

transfer coefficients become sensitive to the actual boundary 

length of the exchanger, irrespective of the boundary condi- 

conditions and may not be sufficiently uniform along the 

length of the exchanger. Also thermal entrance regions for 

laminar flow can be significant [ 1, 3-51. 

g(x) = 6x (1 - x). (2) 

Here the equivalent Graetz function G(I, x) is assumed to be 

where 

of the form 

m 

W, 4 = c 4-W 
“=l 

with the recurrence relation given by 

A, = 1, A, = 0, A, = 0 

and 

Stein and Sastri [6] recently presented a detailed analysis 

of heat exchanger with laminar tube-side and turbulent 
shell-side flows as a new extension of the classical Graetz 

problem and reported various quantities relating to cocur- 

rent and countercurrent flows. They assumed uniform heat 

transfer coefficient on the shell-side and solved the two- 
A, = & [An-d - An-31 for n > 3. (4) 
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NUSSELT NUMBERS 

It can be shown that for sufftciently large z, the laminar 

side Nusselt number can be given by 

Nu,(co) = 2HA,/(H + 6 - KHI,) (5) 

where ,%i is the first order eigen value of the characteristic 
equation and the corresponding overall Nusselt number is 

given by 

NuY(co) = 2HIJ(H + 6). (6) 

For the special case of 6 = - 1 and H = 1, it is known 

that 

Nu, (co) = 70/13 = 5.385 (7) 

which corresponds to the boundary condition of uniform 

wall heat flux. The corresponding Nuy (m) is given by 

Nu;(co) = 70/(13 + 35K). (8) 

It may be noted that the uniform wall temperature 

boundary condition is attained as H + CC and K -+ 0 (or 

KH + 1). For this case 1, is found to be 2,4303 and the 

corresponding 

Nu, (co) = Nu; (co) = 21, = 4.8606. 

ADDITIONAL HEAT EXCHANGER LENGTH 

The traditional definition of NTU may be modified by 

writing 

NTU=$Nu;(co)[Z+d] (9) 

for this geometry, where A is the appropriate additional heat 

exchanger length, which takes into account the effects of 

thermal entrance regions. Thus, we obtain the relations for 

A as follows: (except for 6 = - 1, H = 1) 
m 

A= -kin [-~~..xp{-(l.-1,)Z1](10) 

n=i 

and 

For the case of uniform wall heat flux (6 = - 1, H = I), 

A = A, +(F)zB”exp( - l.,Z) (12) 

with 

4454 
A, = 

3 x 4 x 11 x 35 x (26 + 70K)’ 
(13) 

A is, in general, a function of H, K and the mode of 

operation and the length of the exchanger Z. However, in 

most cases of practical interest where the effectiveness is 

greater than 0.5, Z is sufficiently large such that A, would 
be sufficient for most anplications [3]. 

RESULTS AND DISCUSSION 

The factors that are directly related to the overall heat 

transfer rates are the laminar side fully developed Nusselt 

number Nu,(co) and the additional heat exchanger length 

A,. 
In Fig. 2, NU,(CIX) is normalised with respect to the value 

corresponding to the case of uniform wall heat flux and 

shown as a function of H and K. The normalized value 

corresponding to isothermal wall is about 0.83 and is shown 

in Fig. 2. The behaviour is qualitatively identical to that 

found with other heat exchanger analyses [3, 4, 61. In 

general, it is observed that operating conditions have 

significant effect on laminar side heat transfer coefficients 

Nu,(co) 1s smaller for cocurrent flow than for counter-current 

Uniform wall temp. 

- Counter current - - Cocurrent - 
/IIIIlIII ~I1lIlIlI 

IO 6 6 4 2 0 2 4 6 8 

I/H 

FIG. 2. Variation of normalized Nusselt number with 
operating parameters. 

flow. In cocurrent flow, the fully developed coefficients are 

never larger than the value corresponding to the uniform 

wall heat flux boundary condition. On the other hand, in 

countercurrent flow, fully developed coefficients are never 

smaller than the value corresponding to the uniform wall 

temperature boundary condition, but can be significantly 

larger than the value corresponding to the boundary 

condition of uniform heat flux. 

Figure 3 shows the dependence of A, on the operating 

parameters. It is seen that the values of A, for cocurrent 

flow are greater than for countercurrent flow, indicating 

that thermal entrance region is more significant with cocur- 

rent flow than with counter flow. 
For values of K less than about 1.0 and for given H, Fig 2 

shows that the order of magnitude of error in Nu,(oo) of 

the traditional design formulae is the same for both flow 
arrangements. However, the error can be greatly magnified 

for countercurrent flow because A, is much smaller as can 
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be seen in Fig. 3. This is also evident from equation (9) in 

which NTU is given as a product of Nu,(oo) and A. This 
--c- Counter current ---0.12.- - Cocurrent - ~ influence is even more significant for decreasing values of H. 

Tables 1 and 2 give the computed quantities for cocurrent 

and countercurrent flows respectively. In each table are 

shown the laminar side fully developed Nusselt number, the 

additional heat exchanger length A,, Z* and E*. Z* is the 

value of Z at which d = A, (A = 0.95 A,) as defined in [6] 

and E* is the corresponding effectiveness. Heat exchanger 

computations with A = A, require that Z > Z* or E > E*. 

These latter conditions are satisfied as can be seen in the 

Tables 1 and 2 so that the use of A, is justified for most 

practical applications. 

IO a 6 4 2 0 2 4 6 8 IO 
I/H 
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Table 1. Quantities related to the cocurrent j7ow Table 2. Quantities related to the countercurrentflow 

H W(4 Nu,(d A, z* e+ H Nuf(cc) Nu,(m) A, Z’ &* 

K =@l 
2,113 0.1143 
4,155 0.0502 
4.549 O-0423 
4.154 0.0387 
4.920 0.0359 

K = 0.5 
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0.1 
0.5 
1.0 
2.0 

10.0 

0.1 
@5 
I.0 
2.0 

10.0 

0-l 
0.5 
1.0 
2.0 

10.0 

0.1 
05 
1.0 
20 

10.0 

0.1 
0.5 
1.0 
2.0 

10.0 

1.912 
3440 
3.706 
3.842 
3.948 
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0.192 
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0.192 
0.192 
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