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Asset-Eq~tions are developed to define the performance advantage of roughened tubes in heat 
exchanger design, relative to smooth tubes of equal diameter. Three rough tube applications are presented: 
1. To obtain increased heat exchange canacity; 2. To reduce the friction power; and 3. To permit a reduction 
of heat-transfer surface area. A heat exchanger design procedure is developed for each application and is 
based on the use of previously developed generalized heat transfer and friction correlations for rough 
surfaces. The graphical results of example solutions are presented for the case of “repeated-rib” roughness. 
These graphs show the heat exchanger performance improvements offered by this roughness type, relative 
to smooth tubes. Because the heat transfer and friction correlations used for the “repeated-rib” roughness 
can be used to correlate the data of other types of geometrically similar roughness, the design procedure is 
applicable to other types of roughness. In addition to flow thru tubes, the design procedure and the 
calculated results are.equally applicable to the problem of parallel Bow along the outside surfaces of 

tubes arranged in a tube or rod bundle. 

NOMENCLATURE 

A, heat transfer surface area ; 

B, external-to-smooth internal surface 
area ratio ; 

D, pipe inside diameter (to base of rib 
for rough tubes); 

Z/D, 

rib height ; 
20, value of e/D from equation (31) for 

e+ = 20; 
e+, roughness Reynolds number, ef z 

eu*/v = (e/D)Re J( f /2) ; 
e, heat exchanger thermal effectiveness; 

f. friction factor, A~D~~2~G2 ; 

% [(~/2~t - 1y J(f,‘2) + u,+-j~r-*~~’ 

G, 

G*, 
k 

(repeated-ribs) ; 
mass velocity (mass flow per unit 
area) ; 
GJG ; 
heat-transfer coeflicient on considered 
surface ; 

h 03 

I<, 

I‘, 
m. 
n, 

N, 
PP 
P, 
P?-. 
e. 
r, 

Re, 
St, 
U,‘, 

u. 

heat-transfer coefficient on external 
surface (for flow in tubes); 
overall heat conductance K = hA for 
prescribed heat flux; K = UA for 
heat exchange between two fluids ; 
length of the flow passage; 
g Pro.= - u,+. from equation (17); 
1.07 + 12.7,/(f,/2)(PrB - l), see equa- 
tion f 17); 
number of tubes in flow passage; 
distance between repeated-ribs ; 
flow friction power; 
Prandtl number ; 
heat transfer rate [W] ; 
h,JBh,, ratio of smooth internal-to- 
external surface heat conductance : 
Reynolds number, DG/p; 
Stanton number ; 
J(Z/f) + 2.5 ln(2e/D) + 3.75 ; 
overall heat conductance per unit 
area p/m2K]. 
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Subscripts 
Unsubscript~ variables refer to rough sur- 
faces. 
Subscript s refers to smooth surface. 

INTRODUCTION 

TWO PREVIOUS publications [ 1,2] have presented 
generalized friction factor and Stanton number 
correlations for turbuf~t flow in tubes, which 
have a “repeated-rib” roughness. This paper 
discusses application of these correlations to 
heat exchanger design. Figure 1 shows a sketch 
of the roughness geometry and defines the 
roughness parameters as e/D and p/e. The 
friction data for geometrically similar roughness 

p/e RELATIVE 

rib roughness, relative to smooth tubes, when 
used in a heat exchanger having specified flow 
conditions. For this problem, the smooth and 
rough tube heat exchanger designs have the 
same : 

A. Tube diameter 
B. Mass flow rate 
C. Entering fluid temperatures and pressures. 

The equations developed here are for roughness 
on the inner surface of a tube. With proper 
interpretation, the same equations are applicable 
to parallel flow in a tube or rod bundle. which 
has roughness on the outer surface of the tubes. 
This application will be discussed later. 

THE THREE HEAT EXCHANGER APPLICATIONS 

There are three applications in which 
roughens tubes may offer an advantage over 
smooth tubes : 

A. To obtain reduced heat-transfer surface 
area for equal heat exchange and friction 
power (e.g. PJP, = 1 and Q/Q, = KJK, 
= I). 

ROUGHNESS 
RIB SPACING 

B. To obtain increased heat exchange ca- 
pacity for equal surface area and friction 
power (e.g. P/P, = 1 and A/A, = 1). 

C. To reduce the friction power expenditure 
for equal heat-transfer surface area (e.g. 
A/A, = 1 and Q/Q, = KJK, = 1). 

nt;. 1. Sketch of repeated-rib roughness geometry. 

(p/e = constant) were correlated by the function 
u,’ vs. e’, where 

u,’ E 4(2/f) + 2.5 In (Ze/D) + 3.75. (1) 

The heat-transfer data were correlated by g vs. 
e+. where 

g E 

( 

fPSt - 1 + &t pr-0.57 

Jw4 ) 

(2) 

Graphs of the functions u: and 9 are given in 

Eli. 
This work defines the advantages of repeated- 

Thus, the three parameters of interest are A/A,, 
K/K, and P/P,. For each case of interest, the 
designer specifies two of the three parameters and 
solves for the third. The solution procedure 
yields the roughness (e/D) required to meet the 
specified criteria for arbitrary values of the 
relative mass velocity G* 3 G,/G. By repeating 
the solution for several values of G*, the designer 
may select the particular e/D best suited for his 
application. 

A SPECIAL CASE-PRESCRIBED WALL 
TEMPERATURE OR HEAT FLUX 

The equations which must be satisfied for 
each of the three application cases is illustrated 
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by considering the special case of prescribed 
wall temperature or a prescribed heat flux. The 
heat flux boundary condition is associated with 
beat generation by electric resistance heating. 
In these special cases. the relative heat con- 
ductance of the rough and smooth tube ex- 
changers is K/K, = hA/h,A, or equivalently: 

K St A 1 _ = _‘_‘_ 
K, St, A, G* ’ 

(3) 

If K/K, = 1, both exchangers have the same 
thermal effectiveness (E/E, = 1). If K/K, > 1, the 
thermal effectiveness of the rough tube design 
is greater than that of the smooth tube design 
(E/E, > 1). Because E/E, > 1. Q/Q, < KJK,. Given 
K, K/K, and the entering flow parameters, 
Q/Q, is easily computed from the applicable 
thermal effectiveness equation or graph. Such 
equations and graphs are given in heat transfer 
textbooks; for example, see Chapter 2 of [9]. 

The relative friction power relation is: 

P fA 1 3. 
-=-- - . 

0 Ps f,As G* 

Because the heat exchanger mass flow rate and 
tube diameter are held constant, G* is changed 
by varying N/N, where N is the number of 
parallel flow passages. For flow thru tubes. 
G* = ReJRe. The symbol A is the total heat 
exchange surface area (A = dNL). 

By eliminating G* between equations (3) and 

(4) 

KIK, St/St, 

V’IP,)3W4)3 = t????. (5) 

Equation (5) defines an expression containing 
the three parameters K/K, P/P,, A/A, in terms 
of a Stanton number-friction factor ratio. For 
each of the three application cases, two of these 
parameters are set at the value one. Then, the 
remaining parameter is given by equation (5) 
in terms of a Stanton-friction factor ratio. Table 
1 shows the results of equations (3H5) when 
applied to each of the three heat exchanger 
applications. The third column specifies the 
constraints required for each case. The fourth 
column gives the “parameter of interest”, which 
is calculated from equation (5). The last column 
lists the relative mass velocity (G*) required to 
satisfy the constraints, and is calculated from 
equations (3) and (4). For cases A and C, 
Q/Qs = K/K, = 1. 

The next step is to use the equations of Table 1 
to compute the roughness size required for each 
case of interest. Assume that Pr and Re, are 
known, and that we are interested in case A for 
flow thru tubes (G* = Re,/Re). From Table 1. 

(6) 

The rough tube Stanton number and friction 
factor are assumed to be known functions of 

Table 1. Relative performance for rough tubes with specified wall temperature 

Case Description Constraints Parameter of interest Relative mass velocity (G*) 

A Reduced surface area 
P Q A 

~- 1 
(f’/W 

P,=Q.- 

G* _ (f/L)’ 

‘4 =oj’2 (St/St,)’ 

P A K 
B Increased heat transfer 1 

St/St, 

c=A,= K, (l/“&Y 
G* = (f/f,)+ 

C Reduced friction power 
Q 
~ = G = 1 

P f’!f; - = ___ 
Q, s PS .LWSt,)3 

G* = StJSt, 

C 
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e/D and Re by virtue of equations (1) and (2). 
Therefore, the two equations. equations (6) and 
(7) implicitly contain three variables--A/A,, G* 
and e/D. It is necessary to arbitrarily specify one 
of these unknowns in order to define a tractable 
problem. Assume that G* is specified and that a 
solution for A/A, and e/D has been obtained. If 
the designer wishes to minimize A/A, there is no 
certainty that the G* initially selected will give 
the minimum A/A,. It is necessary to repeat the 
solution procedure for several values of G*. In 
reality, the solution procedure is more difficult 
than suggested. Equations (1) and (2) cannot be 
manipulated to give explicit algebraic equations 
of the form f(e/D, Re) and St(e/D, Re). This 
complication will be treated later, when the 
detailed solution procedure is developed. 

The equations of Table 1 are equally applicable 
to parallel flow in “rod bundles”, if Re = Re,. 

This problem is of interest in nuclear reactor 
design. A number of papers have appeared. e.g. 
[3-51, in which the equations of Table 1 are 
applied to the rod bundle problem for cases B 
and C. The application of these equations to the 
rod bundle problem will be discussed in a later 
section. 

GENERALIZED HEATING BOUNDARY 
CONDITIONS 

The prescribed wall temperature or heat flux 
boundary condition treated in the preceding 
section is a special case of a more general 
problem. The more general problem involves the 
transfer of heat. between two fluids, across a pipe 
wall. We will develop the governing equations 
for this problem, and define the conditions under 
which these equations reduce to those in Table 1. 

Consider rough and smooth tube heat ex- 
changers which have equal flow rates and equal 
entering fluid temperatures. These specified 
temperature and flow conditions imply that 
KJK, = UAIU,A,. By definition 

1 1 _=- 
UA hA 

(8) 

where A is the total internal surface area and B 

is the ratio of external-to-internal surface area. 
The heat-transfer coefficients on the inside and 
outside of the tubes are h and ho, respectively. 
With equation (8). the heat transfer equations 
for the smooth and rough tube exchangers are 

1 
=&(l +r) 
UsA, s s 

1 1 

UA=hA s ( 1 
I++ . (10) 

The symbol r z h,/Bh, is the ratio of the heat 
conductance on the inside and outside of the 
tubes in the smooth tube exchanger. Substituting 
equations (9) and (10) in K/K, = UA/U,A, 

K A l+r K, = A, (h,/h) + r ’ [ 1 (11) 

Because both heat exchangers have equal flow 
rate and equal tube diameters, h/h, = (St/&)/G*. 

With this substitution in equation (1l)t 

I . 
(12) 

Equation (12) reduces to equation (3) if r = 0. 

The previously developed friction power equa- 
tion (4) still applies to the present situation. If 
G* is eliminated between equations (4) and (12) 

W/K,) (AM,)’ St/St, 

(P/P,)~[(AIA,)(l + r) - r(KIK,)] = (f ’ (’ 3, 

Equation (13) reduces to equation (5) for r = 0. 

The condition r = 0 states that all of the thermal 
resistance is on the inside of the tube and is 
mathematically equivalent to the prescribed 
wall temperature or heat flux boundary con- 
dition. 

Table 2 shows the results of equations (4). (12) 
and (13) for each of the three heat exchanger 
applications. By substituting the application 
constraints (column 3) in equation (12). the 
results are listed in column 4 of Table 2. The 

t Equation (12) does not include the thermal resistance of 
the pipe wall. This resistance can be included in equation 
(12) & defining r equal to hJBho + h,t/k. where t is the pipe 
wall thickness and k is the thermal conductivity of the pipe. 
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Table 2. Relative performance for rough tubes when heat is exchanged between twojiuids. across a pipe wall 
- 

Case Description Cnnstraints Parameter of interest Relative mass velocity G* 

A Reduced surface area 
f/St ~ 5 (G*)*(l + r) - F 
.A/% 

Increased heat transfer - = A = 1 
P K 

B 
U •t r) f + 

- = 
Ps -4 KS (flS,)*/wst,) + r 

G*= 1; 
0 

C Reduced friction power Q ‘4 P 
-_=-_=l 
Qs 4 

- = (f/f,)/W~t,)3 
P* 

last column lists the relative mass velocity (G*) 
required to satisfy the constraints. This G* is 
calculated from equations (4) and (12). Table 2 
gives an implicit equation for G* in case A. All 
equations of Table 2 reduce to those of Table 1 
for r = 0. 

SOLUTION PROCEDURE 

Given Re, Pr and r we need to solve the 
equations of Table 2 for each case of interest. 
The procedure adopted is to arbitrarily specify 
G* and solve for the St, f and e/D which satisfy 
the Table 2 equations. The solution procedure 
is outlined for each case. 

Case A (Reduced surface area) 
Table 2 giv,es 

By equation (2) 

f - = 1 f J(f/2)@ Pro’57 - u,‘). 
St (1% 

The heat-transfer equation recommended for 
smooth tubes is due to Petukhov [6, 71 

f, = 1.07 -+ 12.7&‘2)(Pr* - 1). 
St, 

s (16) 

Substituting equations (15) and (16) into (14) 

1 + &/2) (g PrO.5’ -’ u&z) 

1.07 + 12.7J(f,/2)(Pr+ - 1) 

= (G*)2 (1 f r) - r 0. (17) 

Equation (17) is to be solved for the rough 
tube friction factor. For simpiicity, iet (3 Pr”+J7 
-u,“) = m and 1.07 + 12*7&,/2) (Pr2/3 - 1) 
= n. Writing equation (17) in the quadratic 
form 

+- 
I 

= 0. (18) 

The solution of equation (18) for J(fl2) is 

. (19) 

Because Re, Pr, r and G* are known, the only 
unknown on the right side of equation (19) is 
m 3 9 Pro’57 - u: ; this is a function -of- the 
roughness Reynolds number, e+. Since equation 
(19) contains the two unknowns, ,/v/2) and 
e+, a second equation relating these variables is 
necessary. This second equation is provided by 
the equation which defines e+ : 

+ 

VW9 = (e,;)Re. 
The variable e/D is eliminated from equation 

(20) using equation (1). Solving equation (1) for 

e/D 
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e/D = i exp 
24,’ 

[ 

- 42/f) - 3.75 
__-- 

2.5 l- (21) 
Substitution of equation (21) in (20) gives 

dvm = 
05 e+ 

Re exp 
+ 3.75 - u,‘--’ (22j 

2.5 1 

The simultaneous solution of equations (19) 
and (22) gives J(fi2) and e+. These equations 
are easily solved on a digital computer, using an 
iterative procedure. 

The remaining steps in the solution are easily 
performed using the calculated values of JCfi2) 
and et. These steps are : 
1. Compute e/D from equation (21). 
2. The rough tube Stanton number, calculated 
from equation (1) is 

f/2 
St = 1 Jr J(.f/2) (gPrQ.57 - u,‘) . (23) 

3. The relative heat-transfer surface area is 
calculated from the A/A, equation of Table 2 
for case A. 

A (St,,&) G* + P 

A,= l+r . 
(24) 

For an arbitrary value of G*. we have deter- 
mined the specific roughness size (e/D) which 
yields P/P, = Q/Q, = 1, and the relative surface 
area requirement (_&‘A,). It is expected that the 
designer would repeat the solution procedure 
for different values of G*. Then a graph of A/A, 
vs. G* would allow the designer to select a 
specific roughness size, based on the combined 
considerations of material savings (A/A,) and 
the relative heat exchanger frontal area (G*). 

Case B (Increased heat transfer) 
The solution for K/K, is easily obtained for 

arbitrary G*. The steps are: 

1, Computef from the equation for G* (case B 
Table 2) 

f = fs(G*)li3 . (25) 

2. Using the known f: solve for ef using equa- 

tion (22). An iterative process is required. 
Compute e/D from equation (21). 
The rough tube Stanton number is given by 
equation (23). 
K/KS is then computed by the equation for 
K/K, in Table 2 for case B. 
Given K and K, Q/Q, is computed using the 
heat exchanger thermal effectiveness relations 
given in heat-transfer textbooks [9]. 

Case C (Red~ce~~~ctio~ power) 
The steps in the solution for P/P, for arbitrary 

G* are: 

Compute the required rough tube Stanton 
number from the equation for G* (case C 
of Table 2); e.g. 

St = S&G”. 

Equation (23) solved for J(j?2) is 

(26) 

Because tn z S Pro,57 - u,’ is a function of 
e+, a second equation relating J(fi2) and Y L is 
needed. Equation (22) provides the necessary 
second equation. The simultaneous, iterative 
solutions of equations (22) and (271 yield J(f?2) 
and e’. 

3. e/D is then computed from equation (21). 
4. The rough tube Stanton number is given by 

equation (23). 
5. The relative friction power is given by the 

equation for P/P, from Table 2, case C. 

P _M 

E- WStJ3 
(28) 

EXAMPLE SOLUTIONS 

The equations for the three application cases 
have been solved on a digital computer for a 
wide range of Pr. Re, G* and r. The solutions 
were computed for the repeated-rib roughness 
geometry with P/e = 10, using the correiations 
presented in El]. 
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Case A (Reduced surface area) 
Figures 24 show the graphical results for 

Case A (Q/Q, = P/P, = 1) in the form A/A, VS. 

G*, for Pr = 1, 10 and 100, respectively. Each 
figure shows the effect of the parameter r 3 h,/ 
Bh, on the required surface area The value of 
r = 0 corresponds to the prescribed wall tem- 
perature or heat flux boundary condition. The 
greatest surface area reduction is associated with 
the r = 0 condition. The upper curve of each 
figure is for r = 2.0, which states that the thermal 
resistance on the inside of the smooth tube is 
only one-third of the total. Thus, if this smooth 
tube is replaced by a rough surface having a 100 
per cent larger heat transfer coefficient, the 
total thermal resistance would be reduced only 
17 per cent. The figures do not show the e/D 
associated with each value of A/A, but these 
are easily determined from equation (21) of the 
solution procedure. 

Lines of constant e+ are also shown on 

Pr= 1 
1.0. ! I I I 

.8 _ 

6 - 

.4 - 25 

t 4 

.2 - 
Re, = 10,000 _ 

0 ..:.:::..::::: 

r=2 
r=l 
r =.5 

1 I /’ 

? 
.6 e+=15 

/(/Lr=O 
, , 

a 
20)’ 
25 

.4 
t 

Re, = 100,om 

01”“’ ““‘,“‘I 
.8 1.0 1.2 1.4 1.6 1.8 2.0 

G” 
FIG. 2. A/A, vs. G* for Pr = 1. with P/P, = Q/Q, = I. 

Repeated-rib roughness (p/e = 10). 

.8 
r=2 

- 
r= 1 
r=.5 

In .6 - 
z /’ / / , / 
Q 

.4 _ e+=15/vr’ 
yr=O 

20’,’ 
25 

.2 - 
Re, = 10,000 

0 ::::::.:::::::- 

1.0 r 

.8 

v ./I -r=2 

v) 

e 
a 

,6 f e+,,5pi!.: 
.4 20’ & 

.8 1.0 1.2 1.4 1.6 1.8 2.0 

G* 

HG. 3. A/A, vs. G* for Pr = 10, with PIP, = Q./Q, = I. 
Repeated-rib roughness (p/e = 10). 

Figs. 24. A minimum A/A, occurs when e+ N 
20, for Pr = 10 and 100. Although a minimum 
A/A, is not observed for Pr = 1, the values of 
A/A, at e+ = 20 are no more than 5 per cent 
greater than the smallest A/A, shown on Fig. 2. 
Therefore, the specification e+ = 20 is a good 
approximate design specification when the 
designer wishes to attain minimum A/A,. 

The designer would normally select the 

Tuble 3. Relativefrontal area of rough tube 
design to smooth tube design 
(Re, = 100000 at ec = 20) 

r 

Pr 0 0.5 1.0 

1 1.20 1.28 l-32 
10 1.08 1.22 1.28 

100 0.95 1.16 1.23 
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1.0 

.8 

ln 
.6 

B 
a 

.4 

.2 

0 

1.0 - 

.8 

.6 - 

Pr = 100 

e+ =15 20 25 

-+r=2 

N.‘, / r=l 
/ /,’ 

w ‘; r=.5 

/‘// 
‘/ 

’ // 
’ // 

/// / 
r=O 

, N 
‘1 / 
‘/ , 

Re,= 10,000 _ 

/ /,I .’ -r=! -1 
r=.5 

Re,= 100,000 

01 l’j” 6 ‘I”‘, “1 
.8 1.0 1.2 1.4 1.6 1.8 2.0 

G” 
FIG 4. A A, vs. G* l’or Pr = 100. with P P, = Q/Q, = I. 

Repeated-rib roughness (p/e = 10). 

roughness size which gives minimum A/A,. 
providing the heat exchanger frontal area is 
within acceptable limits. Table 3 lists the relative 
frontal area (G*) of the rough and smooth tube 
designs for several values of r at Re, = 100000 
and e+ = 20. 

Case B (Increased heat transfer) 
Figures 5-7 show the calculated results for 

case B (P/P, = A/A, = 1) in the form K/K, 
vs. G*, for Pr = 1, 10 and 100. respectively. The 
figures contain curves of constant r to show the 
effect of the external thermal resistance on the 
heat exchanger capacity increase. The greatest 
capacity increase occurs when r = 0. Values of 
e+ corresponding to G* are noted above the 
upper curves on each figure. Except for Pr = 1. 
the maximum K/K, occurs at e+ N 20, as was 
observed for Fies. 3 and 4. The value of K/K. at 

e+ = 20 for Pr = 1 (Fig. 5) is within 7.5 per 
cent of the maximum K/K,. Therefore. the 
specification e + = 20 again appears to be a 
reasonable design specification for attainment 
of K/K, near its maximum value. 

Case C (Reduced pumping power) 
The results for case C (Q/Q, = A/A, = 1) are 

shown on Fig. 8, by the graphs of P/P, vs. G*. 
The results are independent of the parameter r. 
since Q/Q, = 1 requires h = /I, for all values ot 
r. For Pr = 1, P/P, decreases with increasing 
G*. and P/P, N 0.36 at G* = 2. The curves for 
Pr = 10 are limited in the direction of smaller 
G* by the requirement e+ > 6. This requirement 
exists because the heat transfer and friction 
correlations. equations (1) and (2), are based on 
data for e+ > 6. No curves are shown for 
Pr = 100, because values of G* < 2 would 
require e+ < 6. Significant friction power re- 

1.8 F Re, = 10,000 

x” 
1.6 

\ 
Y 

1.4 

1.2 

1.0 

r=O 

e+=15 
2p 215 

-::::/- 
A&g 

.5 

1 

2 

2.0 

Re, = 100,000 
1.8 

u) 1.6 - 

1.4 - 

1.2 - 

1.0’ c a t 1 L ’ I 1 
.8 1.0 1.2 1.4 1.6 1.8 2.0 

J 

G” 
FIG. 5. K/K, vs. G* for Pr = I. with P/P, = AIA,~ = 1. 

Reseated-rib rouschness ID/C = 101. 
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Pr= 10 

1.0 : : : : : : : : : : : : : : 
2.0 - 

Re, = 100,000 

1.0 s I j j I I j s 
.8 1.0 1.2 1.4 1.6 1.8 2.0 

G” 

~lc. 6. K/K, vs. G* for Pr = IO. with P’P, = A/A, = 1. 
Repeated-rib roughness (/l,r = IO). 

duction would be yielded by very small values 
of e/D for high Prandtl number fluids. 

SIMPLIFIED SOLUTION PROCEDURE 

We have previously noted that the condition 
e+ = 20 will yield A/A, near its minimum values 
for case A, and K/K, near its maximum value 
for case B. If the condition e+ = 20 is accepted as 
a good design specification. it is possible to 
develop a simplified solution procedure. This 
procedure permits direct calculation of St, f and 
e/D. thus avoiding the iterative solution process. 

At e+ = 20, [l] gives 3 = 11.0 and ~4: = 4.2 
for repeated-rib roughness with P/e = 10. Sub- 
stituting u: = 4.2 in equation (1). and solving 
for J(2/f) 

J(2/f) = O-45 - 2.5 ln(2e/D). (29) 

By definition e+ = (e/D) Re J(j72). Let (e/D),, 

be the value of e/D that satisfies this equation 
when e’ = 20. Then 

(30) 

Substitution of equation (29) in (30) gives 

(e/D),, = $ (0.45 - 2.5 In [2(e/D),,]} . (31) 

Figure 9 shows the solution of equation (31). 
plotted as (e/D),,, vs. Re. A curve tit of Fig. 9 gives 
the approximate empirical equation for 10’ < 
Re < 106. 

(e/D),, S 31.4/Re0’83 . K-7 

The steps in the simplified solution procedure. 
based on e+ = 20 for arbitrary Re are: 

1. At the selected Re, read (e/D),, from Fig. 9. 
or compute (e/D)zo using equation (32). 

Pr=lOO 

Flc;. 

1.2 - -1 I’ - r=2 T 
.6 LO 1.2 1.4 1.6 1.6 2.0 

G’ 

K/K, vs. G* for Pr = 100, with PIP, = A/A, = 1. 
Repeated-rib roughness (p/e = 10). 
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e+ q 6.4 

Re, = 10,000 

0 :::::::::::::: 
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Fit;. 8. P!P, vs. G* for all Pr, with Q/Q, = AIA, = I. 
Repeated rib roughness (pie = 10). 

.Ol 

3 
e 
.z ,001 

\ 

I - 

L 

10 loo 

Re x 10e3 

1000 

FIN;. 9. Graph of solution of equation (31) for repeated- 
rib roughness (p/e = 10) and e = 20. 

2. Calculate ,/(2/f) from equation (29). 
3. The Stanton number is computed from 

equation (1) with j = 11 and uJ = 4.2. 
This equation solved for the Stanton ,number is 

St = “f/2 
1 + ,/v/2) (11 Pro’57 - 4.2) 

(33) 

GENERALITY OF THE SOLUTION PROCEDURE 

The solution procedure is applicable to any 
flow geometry for which the hydraulic diameter 
applies. In addition to flow inside tubes. which 
we have discussed in detail. there is a second 
important flow geometry. This is parallel flow 
along the outside surface of tubes arranged in a 
tube or rod bundle. We have already referred to 
the problem of flow in rod bundles which is of 
interest to nuclear reactor designers; for this 
case, I = 0. The equations are equally applicable 
to parallel flow along the outer surface of tubes 
arranged in a bundle. When a second fluid passes 
thru the tubes in the bundle, I > 0. For these 
applications, the previously developed equa- 
tions apply if the smooth and rough tube 
bundles have an equal number of tubes of the 
same diameter. Then the relative mass velocity 
(G*) is changed by varying the spacing between 
the tubes or rods. Because the total mass flow 
rate is constant and the hydraulic diameter is not 
a function of the spacing between rods. ReJRe 
= 1. For a two-fluid heat exchanger. the para- 
meter r is interpreted as the heat conductance 
ratio (external surface-to-internal surface) of &he 
smooth external tube design. Also. B is the 
ratio of the internal-to-external surface areas per 
unit length for the smooth external surface heat 
exchanger. and ho is the heat transfer coefficient 
on the inside surface of these tubes. The results 
of the example solutions shown by Figs. 2-8 
are applicable to the problem of parallel flow 
in tube or rod bundles. 

Although the solution procedure has been 
illustrated for the repeated-rib roughness 
the same equations can be utilized for other 
roughness geometries. Equations (1) and (2) 
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are applicable to other types of geometrically 
similar roughness. However, different curves of 
3 and u: vs. ei will be obtained for different 
roughness types. For example, the solution 
procedure can be applied to the sand-grain 
roughness data of Dipprey and Sabersky [8]. 
who also use equations (1) and (2) to correlate 
their data. Also, the correlations given in [l] 
can be used to calculate the performance of 
the repeated-rib roughness having values of p/e 
greater than 10. 

CONCLUSIONS 

Three applications for rough surfaces in 
heat exchanger design have been defined. 
Equations are presented which define the 
advantage afforded by the rough surface 
design, relative to a smooth surface design, 
for the same lIow conditions. 
A procedure is outlined for solving the 
governing equations for each application 
case. The procedure utilizes generalized 
rough surface heat transfer and friction 
correlations. Therefore. the solution pro- 
cedure is applicable to other types of geo- 
metrically similar roughness, for which the 
specific correlations have been obtained. 
The solution procedure is applicable to all 
flow geometries for which the hydraulic 
diameter concept applies. It is also applicable 
to a wide range of heating boundary con- 
ditions. 

4. Example solutions are given for the repeated- 
roughness geometry with P/e = 10. A simpli- 
fied solution procedure is also given for this 
roughness geometry. 

I. 

2. 

3. 

4. 

5. 

6. 
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APPLICATION DES SURFACES RUGUEUSES A LA CONCEPTION D‘ECHANGEIIR 
DE CHALEUR 

R&nn&-Gn a ttabli des equations pour detinir le gain de performance des tubes rugueux dans la concep- 
tion d’echangeurs de chaleur. par rapport g des tubes lisses de mZme diametre. Trois applications de tube 
rugueux sent presenttes: l--pour obtenir une capacitt d’bchange de chaleur accrue. 2-pour reduire la 
puissance perdue par frottement, 3-pour permettre une reduction de la surface d’tchange thermique. 
Une procedure de calcul d’echangeur de chaleur est dtvelopp&e pour chaque application et est bas&e sur 
l’utilisation de relations g&&ales sur le transfert thermique et le frottement prectdemment etablies pour 
des surfaces rugueuses. Les risultats graphiques des solutions donntes en exemple sont present& pour 
le cas de rugosite par annelures regulierement espacees. Ces graphes montrent lea ameliorations des per- 
formances de l’echangeur de chaleur offertes par ce type de rugosite par rapport a des tubes lisses. Parce que 
les correlations de transfert thermique et de frottement utilisees pour une rugosite B annelures regulieres 
peuvent etre utilistes pour d’autres types de rugosite geomttriquement semblables, la procedure de calcul 
est applicable B d’autres types de rugosite. En plus de I’ecoulement dans les tubes, la procedure et les 
resultats calculb sont egalement applicables au probleme de l’ecoulement parallele le long des surfaces 

externes de tubes ou de barreaux disposes en grappe. 
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ANWENDUNG RAUHER OBERF~CHEN BEIM ENTWURF VON W~RMETAUSCHERN. 

Zusammenfassuog-Es werden Gleichungen abgeleitet. die das giinstigere Ubertragungsverhalten von 
rauhen Rohren beim Entwurf von Wlrmetauschem gegeniiber glatten Rohren gleichen Durchmessers 
erkennen lassen. Drei Anwendungsfalle fiir rauhe Rohre werden besprochen: 1. Erzielung gesteigerter 
W~rmeaustauschka~zit~t : 2. Reduktion der Reibung~r~it : 3. Verringerung der W~rmeaustauschfl~che. 
Fiir jeden Anwendun~Fall wird ein W~rmetauscher-Entwurfsverfahren entwickelt, wobei kiirzlich 
hergeleitete. allgemeine Korrelationen zwischen Warmetransport und Reibung bei rauhen Oberfl’dchen 
zugrunde gelegt werden. 

Die graphischen Ergebnisse der Beispielliisungen sind fiir den Rauhigkeitstyp der “wiederholten Rippe” 
dargestellt. Diese Diagramme zeigen die erzielte Verbesserung im ~bertragungsverhalten von Warme- 
tauschem bei Verwendung des erwahnten Rauhigkeitstyps im VerhHltnis zu glatten Rohren. Da die fiii 
den Rauhigkeitstyp der ‘“wiederholten Rippe” gewonnenen Korrelation zwischen Warmetransport und 
Reibung dazu benutzt werden konnen. die Daten anderer Typen von geometrisch Lhnlichen Rauhigkeiten 
zu korrelieren, ist das Entwurfverfahren auf andere Typen von Rauhigkeiten anwendbar. Zusatzlich zur 
Rohrstr~mung sind das Entwurfsverfahren und die berechneten Ergebnisse gleichermassen anwendbar 
auf das Problem der Parallelstr~mung iiber die Aussenseite van Rohren. die in einem Rohr oder einem 

Stabbiindel angeordnet sind. 

BCHOJIb30BAHHE IIIEPOXOBATbIX HOBEPXHOCTEH HPM 
PACtIETE TEHJIOOBMEHHMKA 

.hHOTtlI@f~-BbIBe~eHbI ypaBHeHIIR AJIR OIIpeEeJIeHHfl IIpeI,IMyI&eCT% KIepOXO%aTbIX TPy6 

npil pacreTe Ten~oo6~eKK%Ko% m cpa%He%~~ c r~a~~i%~f~i Tpy6am pamoro AnaMeTpa. 
npeJ&CTaBJleHbI TpSi CJIy'5aR IIpPlMeHeHtlH LIIepOXOBaTbIX Tpyb: I]$(JIR[ yBeJIWieHHR IIpOB3BO- 

J(IlTeJIbHOCTI4 TenJIOO6MeHHHKa; 2/nnJ3 CHIGHeHHR '3HepIWl TpeHIWI II 3/,Ltnn yMeHbIlIeHHfl 
nOBepX%OCTH TennOO6MeHa. Pa3pafiOTaHa MeTORIlKa PaC'IeTa TenJI006MeHHIfKa RJZFI KaW~Oro 

cnysan, KOTO~aROCHO%~KaHali~~O~b3OBaH~~~aHeeB~Be~eHHoIXo6o6~eKHbIxKOppe~R~ll~ 

Te~~oo6~eHa 5s TpeHHiI @xR ~uepoxo%aTbIx ~OBepXHO~Te~. ~pe~cTaB~eH~ rpa~~qe~K~le 

pe3yJIbTiWhI IIp&SMepOB PeIIIeHHMi AJIfS CJIy=laR IIIePOXOBaTOCTI4 Tifna ~(nOBTOp~~4~XC~i 

pe6epa. 3TYI rpa$ana ~OKa3bIBaIOTyJIyWIeHlie xapaI~TeptrcTaKTennOO6MeHHaKa,6naro~aprr 

BBe&eH%IO LIIepOXOBaTOCTe~ 3TOrO THlIa II0 CpaBHeHWO C rJIaJJKPiMM Tpy6aMH. TaK KaK 

KOppenrrrl;HH, kWnOJlb3yeMbIe ,?QlR IHepOXOBZlTOCTH Tffna (~IlOBTOpFl~~HXCR pe6ep,, MOryT 

6brrb %p~~eKe%~ fins ~oppe~~~~~~i Rannbrx npn npyrnx BaAax reoMeTp~iqec~~ ~0~06HO~ 

J_UepOXOBaTOCTH, MeTOfiHKa paWeT TaKHCe ~P~~~eH~Ma K ApyrHM BHAaM KIepOXOBaTOCTH. 

PaCCMOTpeHHaR MeTOJ(IlK3 AJIR paWeTa Te=ieHMU B Tpy63X ORHHaKOBO IlpI‘lMeHkfMa K 3aRase 

IIapamleJIbHOrO TeYeHAR II0 BHeUIHMM IIO%epXHOCTRX Tpy6 RJIA CTepmHeti, CO6paHHbIx % 

nywrc. 


