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Performance of Heat Transfer and Pressure Drop 
in a Spirally Indented Tube 

Sang  Chun Lee*,  Sang  Chul  N a m * *  and T a e  Gon Ban** 
(Received July 21, 1997) 

In an effort to develop a heat transfer enhancement  technique for low temperature applica- 

tions such as uti l ization of  LNG cold energy, an experiment  was carried out to evaluate  the heat 

transfer and the presstire drop performance for a spirally indented tube using ethylene-glycol  

and water solutions and pure water under horizontal  single--phase conditions.  The test tube 

diameter was 14.86 mm and the tube length was 5.38 m. Heat transfer coefficients and friction 

factors for both inner and outer surfaces of  the test tube were calculated from measurements of  

temperatures, flowrates and pressure drops. Corre la t ions  of  heat transfer coefficients in the 

spirally indented tube, which were appl icable  for laminar  and turbulent regimes were proposed 

for i rner  and outer surfaces. The correlat ions showed that heat transfer coefficients for the 

spirally indented tube were much higher than those for smooth lubes, increased by more than 

8 times depending upon the Reynolds number. The correlat ions were compared with other 

correlat ions for various types of  surface roughness. The  effect of  the Prandtl number  on the heat 

transfizr characteristics was discussed. The critical Reynolds  number  from the laminar  flow to the 

turbulent flow inside the spirally indented tube was found to be around Re: - : l ,  000. 

Key Words:  Spirally Indented Tube, Heat Transfer Coefficient,  Doub le -P ipe  Heat Ex,chan- 

ger, Frict ion Factor  

N o m e n c l a t u r e  . . . . . . . . . . . .  

Cph 
Di 

Do 

S 
(;h 

h 

0 
Re 

*,/'D f ,  i 

72+-, o 

T ~  

: Specific heat of  hot fluid 
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: Darcy friction factor 
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: Heat transfer coefficient 

: Tube wall thermal conduct ivi ty  

: Prandtl number 

: Heat transfer rate 

: Reynolds number  

: Mean cold fluid temperature 

Mean hot fluid temperature 

: Mean inlet hot fluid temperature 

: Mean outlet hot fluid temperature 

: Average wall temperature 
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I .  I n t r o d u c t i o n  

As a clean energy, l iquefied natural gas (LNG)  

has become a popular  energy resource for residen- 

tial heating and air condi t ion ing  as well as for 

industrial  processes. At the stage of  vapor iz ing 

process, LNG cold energy of  about 8,400 kJ per 

unit ki logram at a temperature ranging between 

160~ and 170~ is disspated to the sur- 

rounding.  Uti l izat ion of  this cold energy has 

become a matter of  concern in the LNG industry 

for energy saving as well as cost reduction to 

obtain  extremely low temperatures. Examples of  

L N G  cold energy uti l ization may be found in the 

fields of  cryogenic storehouse, cold energy genera- 

tion, air separation, and freezing treatment of  

wastes. Heat exchanger systems such as double  

pipe types and shell and- tube  types are widely 

used to take advantage of  L N G  cold energy. To  

improve heat transfer performance of  such heat 
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exchangers, a suitable enhancement technique 

should be employed. 

In recent years, significant concern has been 

focussed on techniques for augmenting heat trans- 

fer coefficients in the heat transfer equipments. 

Among these, heat transfer augmentation by 

means o1" integral roughness technique has been of 

commercial interest for increasing the efficiency 

of process heat exchangers. Typical examples of 

this technique include a corrugated tube, a spi- 

rally indented tube and a wire-coiled insert. This 

technique is to provide artificial roughness on the 

heat transfer surface to disturb the flow boundary 

layer, resulting in reduction of a convective ther- 

mal resistance through the viscous sublayer. 

Numerous studies of heat transfer enhancement 

through surface roughness have been performed, 

over the years, producing a variety of correla- 

tions. For instance, Whither (1980) and Li et al. 

(1982) developed analogy-based correlations 

whereas Yorkshire (1982) and Ravigururajan 

and Bergles (1986) proposed a statistical type of 

correlations. Lee et al. (1993) suggested a Dittus 

Boelter type correlations for a spirally twisted 

tube and an internally finned tube using R 113. 

These correlations aimed at predicting the heat 

transfer coefficients for various types of integral 

roughened tubes over a wide range of flow condi- 

tions. 

The present study deals with an experimental 

work of heat transfer enhancement using a spi- 

rally indented tube with an ethylene-glycol and 

water (EG water), which may be a potential 

surface roughness technique in a heat exchanger 

for LNG cold energy utilization. Correlations of 

heat transfer coefficients in the spirally indented 

tube are proposed for inner and outer surfaces. 

The correlations are compared with other correla- 

tions for various types of surface roughness. The 

effect of the Prandtl number on the heat transfer 

characteristics is discussed and the transition fea- 

ture from the laminar flow to the turbulent flow 

Fig. 1 Schematic diagram of experimental equipment. 
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Table 1 Experimental conditions in the present study. 
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Inner side Outer side Inner side 
Parameter 

(EG Solution) (EG Solution) (Water) 

Inlet pressure(MPa) 0.13 ~ 0.30 0.10 ~ 0.11 0.13 - 0.28 

Mass flux(kg/m~s) 580 ~ 2,000 220 ~ 520 320 -- 1771 

Inlet temperature(~ ) -13.0 ---3.3 200  - 21.0 12.4 ~ 16.1 

Pr 39 ~ 120 34 ~ 40 8 - ~  9 

Re 5 0 0 -  5,000 800 ~ 2,200 4, 000-= 25,000 

Unit : m m  

Material Outside 

diameter 

Copper 

Thickness 

(t) 

Angle of 

inclination (a )  

15.88 1.02 50 ~ 

Fig. 2 Specifications of a spirally indented tube. 

1 Pitch [ Depth of 

(P) t spiral (H) 

13 1.6 

inside the spiral ly  inden ted  tube  is a lso  

ment ioned .  

2. Experimental 

2.1 A p p a r a t u s  
An exper imenta l  facility was cons t ruc ted  to 

invest igate  the heat t ransfer  and  the pressure d r o p  

pe r fo rmance  of  a spira l ly  indented  tube. A sche- 

matic  d iag ram of  the exper imenta l  appa ra tu s  is 

shown  in Fig. I. 

It iFcludes a test tube, tin electrical boiler ,  a 

chiller,  and  two c i rcula t ing  pumps.  The  test tube  

was made  of  two concent r ic  tubes and  the inner  

tube was a spiral ly  indented  tube. [:,thylene 

-glycol' and  w a t e r ( E G  water)  so lu t ions  and  pure  

water  were used as work ing  fluid which  are fre- 

quent ly  used in heat exchanger  systems for util iza- 

t ion  of  L N G  cold energy. The  toial  length of  the 

test tube  is 5.38 m and  the d iamelers  of  the inner  

and  outer  tubes are 14.86 mm and 32.10 ram, 

respectively.  The  specif icat ion of  the spira l ly  

indented  tube is indica ted  in Fig. 2. 

The  test tube  was d iv ided  into six 0.78 m long 

subsect ions ,  as s h o w n  in Fig. I. There  subsec t ions  

were a r ranged  in series and  mixing  chamber s  for 

E G - w a t e r  so lu t ion  f lowing outs ide  the tube  were 

placed between the subsect ions .  Heat  was added 

in the electrical  boi ler  to the E G - w a t e r  so lu t ion  

c i rcu la t ing  outs ide  the tube  in a c o u n t e r - f l o w  

mode.  The  E G - w a t e r  so lu t ion  heated  in the test 

tube  was cooled in a chi l ler  to ma in t a in  s teady 

state ope ra t ing  cond i t i ons  in the system. The  

ope ra t ing  cond i t ions  per formed in the present  

s tudy are summar ized  in Tab le  1. 

The  flow rates of  bo th  fluids were con t ro l l ed  by 

press tne  regu la t ion  valves and  were measured  by 

two sets of  an orif ice and  a different ial  pressure 

t ransducer ,  The  uncer ta in ty  in the flow rate 

measu remen t  was -~0.5%. Tempera tu res  of  the 

inlet  and the outlet  of  the test tube  for bo th  

coo l ing  and heat ing  med iums  were measured  by 
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means of  copper -cons tan tan  thermocouples.  The 

test tube wall temperature were also measured to 

calculate the heat transfer coefficient for both the 

inner side and the outer side of  the tube. The 

uncertainty in the temperature measurement  was 

within •176 The pressures at the inlet and the 

outlet of  the test tubes were measured with pres- 

sure taps and pressure transducers. The uncer- 

tainty in the pressure measurement  was within • 

0.3%. The signals from thermocouples  and pres- 

sure transducers were logged by a data logger and 

then were processed by a compute r -based  data 

acquisi t ion system. 

2.2 Experimental procedures and data 
reduction 

Performance test for the heat transfer and the 

pressure drop was carried out for various combi-  

nations o f  operat ing condit ions,  as summarized in 

Table  In each test run, data of  temperatures, 

f low rates, and pressure drops on both hot and 

cold fluids were collected after steady-state condi-  

t ions were established. In general, approximately 

6 ~ 7  hours were required for reaching a steady 

state after the system started up. The  heat transfer 

rates calculated by energy balance equat ions for 

both hot and cold fluids were found to agree 

within 5% error margin. 

The data reduction was carried out based on a 

segmental energy balance. The sect ion-average 

heat transfer coefficient for inner wall side of  the 

spirally indented tube was calculated fi-om the 

fo l lowing equation.  

h = [  rcD~AIL(T~--Q To:) 2kwD* in(Do)]-~kD~/j (11 

where Tw is the average wall temperature,  7",: is 

the mean cold fluid temperature. The heat transfer 

rate, Q, in Eq. (I) can be calculated f iom the 

energy balance. 

Table 2 A summary of conditions of correlations used for comparison. 

Author 

Present Study 

Kaushik and 

Azer (1986) 

Inside 

Hong and 

Bergles (1976) 

Trupp and 

Haine(1989) 

Obot et al. 

(1991) 

Present Study 

Outside 
Kaushik and 

Azer (1986) 

Medium 1 r Re 

Ethylene 39-120 500 5,000 
Glycol 

Water 8-.9 4 ,000 25 
0O0 

R- 113 I) 3,000-8,00( 
(Liquid) 

Ethylene 84 192 13 390 
Glycol 

Water 3-7 83.-.2,460 

Air 0,69 500-10,000 

Air 0.71 800-50,000 

Ethylene 34 40 800 2,200 
Glycol 

Water 10 800-3,500 

Tube types Correlation eqs. 

Spirally ] Nu =0. l 3Re~ ~ 
Indented [ 

Finned 

N u/prO.4 0.07Re0.68/~ 1 1.50 F.21.76 F~I 6.55 

F~ ~1 (4nbt)/(erD~cos a)]/ 
E ~ - 2 b / D ~  ~ 

f~ (TcDi)/[~rD,.+2nb/cos a] 

Twisted 
Nu~-5.172E1 + 5.481 • 10-apt ~ �9 

Tape 
(Re~/y) ~251 .... 

INserts 

Finned Not available(Graphic form) 

Spirally 
Not available(Graphic form) 

Fluted 

Spirally 
N u = 0.006 RelZPr~ 

Indented 

Knurled Not available(Graphic form) 
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Q= GhCph ( Ths.i - Ths,o) (2) 

where Ths is the mean hot fluid temperature, Gj, 

is the mass flow rate of hot fluid. Meanwhile, the 

section-average heat transfer coefficient for outer 

wall side of the spirally indented tube was calcu- 

lated as follows: 

1 0 (3) 

Finally, the Darcy Friction factor was evaluated 

from the following equation. 

~/P 
f -  ( L / D )  (0V2/2) (4) 

3. Results  and Discussion 

Data of the heat transfer coefficients for both 

inner and outer surface of the spirally indented 

tube and the friction factor for the inner surface 

were obtained for various flow conditions. The 

range of Reynolds number in the present study is 

approximately 500 to 5,000 for ethylene-glycol 

and water solution and 4,000 to 25,000 for pure 

water. The transition from laminar flow to turbu- 

lent flow and the effect of the Prandtl number on 

heat transfer will be discussed. Correlations of 

heat transfer coefficient for the spirally enhanced 

surface will be proposed and will be compared to 

those for other modes of heat transfer enhance- 

ment. Table 2 shows a summary of conditions of 

other correlations considered in the present study 

for comparison. 

3.1 Friction factor 

Friction factors inside the spirally indented 

tube were calculated fiom the data of pressure 

drop measurement, using Eq. (4). Figure 3 shows 

a comparison of the present data with data of 

Hong and Bergles (1976) and Obot et al. (1991) 

as well as the laminar equation. As expected, 

friction factors in the present test tube are much 

higher than the values calculated by the laminar 

equation. It is shown that the friction factor for 

the Reynolds number less than approximately 1, 

000 decreases in a linear mode and is inversely 

proportional to the Reynolds number. The pres- 

ent data are comparable to data of Hong and 

Bergles (1976) for twisted tape inserts while they 

are higher than data of Obot et al. (1991) for a 

spirally fluted tube. However, both data set also 

have much higher values than those predicted by 

the laminar equation. 

3.2 Heat  transfer coefficient 

Heat transfer coefficients for the inner-side and 

the outer side of the spirally indented tube were 

calculated, using Eqs. (1), (2) and (3). 

Figures 4 and 6 show the Nusseh number for 

both sides, respectively, along with the analytical 

results for a smooth surface. Three different Pran- 

dtl number ranges of fluid (Pr--8--9 ,  39--41, 110 

120) were tested in the present study. It is noted 

in Fig. 4 that the Nusseh number for the spirally 

indented tube is much higher than that for a 

smooth tube, showing an increase of more than 8 

times. This exceptional augmentation may be 

attributed in part to the flow regime transition 

from the laminar flow to the turbulent flow in the 

spirally enhanced pipe even at moderale Reynolds 

numbers. It is generally acknowledged that the 

transition takes place at l?c =:2,300 in a smooth 

Fig. 4 Correlation of heat transfer coefficient lbr 
Fig. 3 Friction factors for a spirally indented tube. inner side surface. 
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Fig. 5 Comparison of present correlation with 
experiment data. 

pipe, while the transition appears to expedite in 

the spirally enhanced pipe, occurring around Re  

1,000 as shown in Fig. 4. This may be also 

confirmed from the friction factor data, as indicat- 

ed in Fig. 3. It is well known that the critical 

Reynolds number varies from 1,000 to 10,000 

even for a smooth tube depending upon an initial 

disturbance preexisting when the flow is 

introduced at the entrance. (White, 1987) Suffi- 

cient data of the critical Reynolds number for the 

integral roughened surface were not found in the 

literature but Uttawar and Raja Rao (1985) 

reported a possibility of a smaller critical 

Reynolds number. They argued that the critical 

Reynolds number for wire-coiled insert geome- 

tries using an oil with very high Prandtl number 

could be 200. Blumenkrantz and Taborek (1974) 

observed the critical Reynold number of 1, 000 

for Turbotech spirally grooved tube. This number 

seems to be very close to the result obtained in the 

present study. 

Two different correlations are suggested depen- 

ding upon the flow regime. For laminar region 

(Re<l ,000)  the Nusselt number is independent 

of the Prandtl number and the Reynolds number 

and thus, a simple correlation of constant Nu 

-type are obtained. In turbulent flow region, the 

Nusselt number is a function of the Reynolds 

number and the Prandtl number. A conventional 

type correlation is proposed based upon a regres- 

sion technique of the experimental data. 

Nu--37.0 for laminar region (Re 1,000) (5) 

Fig. 6 Correlation of heat transfer coefficient for 
outer side surface. 

Nu--0.13 Re~ ~ for turbulent region 

(Re  > 1,000) (6) 

A direct comparison of Eq. (6) with the pres- 

ent data is shown in Fig. 5. Most of the data are 

within + 10% error margin of the correlation. The 

exponent of the Prandtl number was found to be 

0.33 using three different Prandtl number range 

data set as mentioned earlier. 

Blumenkrantz and Taborek (1971) showed 

that a spirally enhanced tube provides up to 200% 

enhancement for heating a viscous fluid in 

laminar flow. Richards et al. (1987) tested 12 

different spirally enhanced tubes in turbulent flow 

using steam on the outer surface. They suggested 

conventional type correlations with a fixed value 

of the exponent on the Reynolds number, that is, 

0.8. However, the validity of the 0.8 exponent has 

not been confirmed. (Webb, 1994) 

Figure 6 shows the Nusselt number for the 

outer side with the analytical expression for 

laminar flow in the smooth annulus. The Nusselt 

number for the spirally enhanced surface is much 

larger than that for a smooth surface o f N u = 6 . 2 4  

(Lundberg et al., 1963). This is probably due to 

the flow transition to turbulent region in the 

annulus, although the Reynolds number is below 

the generally known critical value, that is, 2, 300. 

The surface roughness of the spirally enhanced 

pipe disturbs the boundary layer, particularly 

very thin viscous sublayer causing a rapid the 

decrease of the thermal resistance in the vicinity 

of the wall. A single correlation for the outer 

surface can be given as the following. 
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Fig. 7 Comparison with other correlations (Nu 
-Re) for inner surface data. 

Nu=0 .006  R e  ''2 P r  o.4 (7) 

Note that the entrance length effect exists in the 

annulus flow, but the length can be neglected 

compared to the total subsection length. 

3.3 ,Comparison with other correlations 
The conditions of present correlations sire 

compared with other available correlations as 

summarized in Table 2. The objectives of this 

comparison are to reveal the heat lransfer perfor- 

mance of various enhancement techniques on a 

common basis and to investigate the effect of the 

Prandtl number on the heat transfer characteris- 

tics. 

Figure 7 shows a comparison of the present 

data on inner wall with various correlations for 

finned tubes, twisted-tape inserts and spirally 

fluted tube on the (Nzt, Re )  plane. The same 

data and correlations were redrawn to investigate 

the influence of the Prandtl number on the (JVu/ 

P r  ~ I{'e) plane, as shown in Fig. 8. It is seen 

that the dependency of the Nusselt number on the 

Reynolds number is very similar, regardless of the 

enhancement mode summarized in Table 2. The 

enhancement technique of twisted-tape inserts 

exhibited, in general, a better heat transfer perfor- 

mance. It is considered that the twisted tape 

inserts to disturb the boundary layer and promote 

a turbulent mixing of thermal energy in Ihe flow 

core. Meanwhile, the spirally enhanced surface 

and the spirally fluted surface only have a func- 

tion to disturb the boundary layer in the vicinity 

of the wall, reducing the convective thermal rests- 

Fig. 8 Comparison with other correlations (Nu/Pr ~ 
Re) fbr inner surf~lce data. 

tance through the viscous snblayer. The finned 

tube may have one function or both functions, 

depending upon the fin geometry and the relative 

height. 

It is very interesting to investigate the influence 

of the Prandtl number on heat transfer on integral 

roughened surfaces due to a mechanism of bound- 

ary layer development on the surfaces which is 

different from that on the smooth surfaces. Sev- 

eral works (Ravigururajan and Bergles, 1995 ; 

Rabas and Arman, 1992) have been done on this 

subjec! but contradictory restihs were be found on 

a value of the exponent of the Prandtl number in 

a Dittus Boelter type correlation. For example, 

Hong and Bergles (1976) suggested 0.4 as the 

Prandtl number exponent based on the experi- 

mental results of two different fluids in a circular 

pipe with twisted tape inserts. Using five different 

geometries with transverse, rectangular ribs, 

Webb, et al. (1971) showed that the exponent 

varied, between 0.4 and 0.6 depending upon the 

flow condilion. On the other hand, Bergles and 

Hau (1979) indicated that the Prandtl number 

exponent did not vary from a value of aboul 0.33 

based on the experimental results in a pipe with 

transverse, square disruptions. In the present 

study, a Prandtl number exponent of  0.33 seems 

to be reasonable, sis shown in Fig. 5. based on 

experimental data of EG-water  solutions with Pr 

= 3 9 ~ 4 1  and 110~ 120 and pure water with P r =  

8~9.  

Figures 9 and 10 show a comparison of the 

present data for the outer side with water data of 

Kaushik and Azer (1986) for knurled surface. 
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was found to take place around /{'e=l,000. 

Correlations of heat transfer coefficients in a 

power law relationship of the Nusselt number, 

the Reynolds number and the Prandtl number 

were proposed, which could be available for 

practical applications. The correlations were 

compared with those for various types of surface 

roughness. 

Fig. 9 Comparison with other correlations 
-Re) for outer surface data. 

(Nu 

Fig. 10 Comparison with other correlations (Nu/ 
Pr ~ Re) for outer surface data. 

The Nusselt number for the spirally enhanced 

surface is higher than that for a knurled surface 

mainly due to higher Prandtl number, as in Fig. 

9 but both enhancement techniques seem to be 

similar in heat transfer performance, as seen in 

Fig. 10. 

4. Conclusions  

An experiment was carried out to evaluate the 

heat transfer and the pressure drop performance 

for a spirally indented tube using ethylene-glycol 

and water solutions and pure water under hori- 

zontal single-phase conditions. The results 

showed that the heat transfer coefficients for the 

spirally indented tube was increased to more than 

8 times of those for smooth tube. The friction 

factors were also increased considerably but the 

heat transfer augmentation effect was more domi- 

nant. The transition from the laminar flow to the 

turbulent flow inside the spirally indented tube 
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