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CMP~R I 

INTRODUCTION 

Since the energy crisis of recent years, seeking 

new energy sources to replace petroleum is the object of 

many scientists and engineers in the whole world. rhe 

utilization of solar energy is an important potential 

energy source. At Texas Tech University, the Crosbyton 

Solar Power Project has the task of designing a solar 

power plant which can generate 5 megawatts electrical 

power. The basic concept of the project is to use a 

spherical segment mirror dish to collect all the sun 

light striking its surface and concentrate it on a 

receiver. Water circulating in the receiver is vaporized 

into superheated steam for use in a conventional turbine 

to generate power. In order to better understand the 

heat transfer performance and pressure drop behavior of 

the receiver during the heating process, we used experi

mental methods to investigate it and try to obtain some 

information which will be helpful to plant design. 

From the preliminary optical study, it was seen 

that when the sun light is reflected by the mirror, it 

is focused into a cylindrical, high density energy zone. 

In order to take advantage of this energy effectively, 

the shape of the receiver must match the physical shape 

of the 'energy zone'. With this constraint, we chose a 

1 



receiver which is made of tubes wrapped in a spiral 

bundle around a cylinder, with the tube :arming a heli

cal coil. The reason for this selection goes beyond 

physical shape constraints. ~e believe that when fluid 

flows through this kind of geometry the angular accelsr

ation will increase the level of turbulence, giving more 

effective heat transfer than is possible with a straight 

tube. In this thesis, this concept will be examined. 

2 

From the literature concerning two-phase heat 

transfer, we know that there may be several heat trans

fer regimes in existence during a phase change. These 

include: subcooled heating, nucleate boiling, film boil

ing, and vapor phase heating. The heat transfer perfor

mance and pressure drop behavior of the fluid in each of 

these regimes is different from the others. This thesis 

will address this phenomena by both theoretical and 

experimental methods. In particular, the effects of 

helical flow on heat transfer and pressure drop in each 

different heating regime will be investigated. This 

will include the relationship be~veen some possible 

design parameters, such as: fluid temperature, flow rate, 

operating pressure, and dimensions of the coil. 



CHAPTER II 

LITERATURE REVIEW 

Qwhadi, Crain and Be111 

The coils in this experiment were constructed from 

10-ft lengths of 0.625 in O.D. x 0.492 in I.D. tubing. 

The diameters of the helical coils were 9.86 and 20.5 in. 

~xit quality ranged from 1.4 percent vapor to 50°F super

heated steam. The qualitative results which they obtain 

were as follow: 

1) The heat transfer coefficient in boiling two-phase 

flow in helically-coiled tubes is generally high on 

all sides of the tube, and it is usually highest on 

the outer side. 

2) At high percentages of vaporization, tube wall temper

atures showed the remaining liquid is concentrated at 

the stagnation points of secondary flows with the 

tube. It proved that the secondary flow in coiled 

tube is responsible for distributing the liquid around 

the tube. 

3) The ratio of two-phase heat transfer coefficient to 

liquid phase heat transfer coefficient is a f~nction 

of Lockhart-Msrtinelli parameter Xtt' where the heat 

transfer coefficient of liquid phase was calsulated 

by Seban and ~cLaughlin's 2 turbulent flow ea~ation. 

~ _ O ~?J o 0.8~ 0.4(~ 8.05(d/J)O.l) .i:.l - • __,,_ ... e ~ r ~-e 

3 



where d = Tube inside dia~eter 

D = Coil diameter 

Chen's correlation predicts the local average heat 

transfer coefficient withir. about + 1~ percent of 

these experimental results. 

4) In two-phase pressure drop correlation, the experi

mental results showed the modulus to also be a 

function of xtt• 

(dp/dL)TPF 
jgtt = (dp/dL) 

g 

Campolumphi, Cumo, Ferrari and Palazzi4 

Full scale heat transfer tests have been performed 

using a coiled, once-through steam generating tube 

(dtube = 0.0155m, Dcoil = 0.836m), with subcooled water 

at the inlet and superheated steam at the outlet. 

Pressures ranged from 80 to 170 bar, specific mass flow 

rate ranged from 1,000 to 2,500 kg/m2s, surface heat 

flux from 10 to 30xlo4w/m2 , and tube length from 50 to 

lOOm in their experiments. 

The features and results of this experiment are: 

1) The heat flux (q")/mass flow rate (G) ratio was kept 

almost constant, and there was no deparature from 

4 

nucleate boiling (DNB) in the experiment. The reglon 

lower than the q''/G straight line represents a 

region where no DNB will occur. 



2) The correlation for mean value of heat transfer 

coefficient from this experiment was given in the 

following manner: 

In this equation hb has the following meaning: 

1 (D

0

NB 

XDNB ) 

q" dx 

-Also: P = mean pressure in boiling length 

X = steam quality 

The limitations of this correlation were defined in 

the following manner: 

pressure 75<P<l70 

heat flux 10 < q "< JOxlo4 

mass flow rate 1000 < G < 2500 

helically-coiled tubes with 

~utuzov, Bezrodnyy and Dustovit5 

~.: 0.019 
D 

(bar) 

(W/m2 ) 

(kg/m2s) 

This study used rectangular tubes which were coiled 

to investigate the hydraulic resistance and heat trans

fer in forced flow with the following results: 

5 

1) The ratio of pressure loss in a coiled tube to that in 

a straight tube is a function of the Dean number, 

'"here the Dean number was defined as K = R ( d/J) 
0 · 5. 

e 

2) For laminar flow with secondary circulation, the 



absolute values of pressure loss factors in rec-

tangular tubes are, on the average, 50~la higher than 

for coils of circular tubes. 

6 

3) For laminar flow with secondary circulation, the 

absolute values of heat transfer coefficients in the 

rectangular coil are, on the average, 17;~ lower than 

for coils made from circular tubes. 

4) For turbulent flow, the heat transfer rate in coils 

of rectangular tubes is higher than for circular 

tube coils. The correlation they found is given 

in the following equation: 

2 Re0.93 ['J2Jd 0.235 
= 0.117 X 10- ~ 

Nust. tube 



CHAPTER III 

.::::QUIPMENT AND EXPERIMENTAL FROCEDURE 

3xperiment Equipment 

In order to examine the effects of the helical flow 

geometry on heat transfer performance and pressure drop, 

we built an experimental loop having potential for two

phase flow. Using this loop, we have made a number of 

single phase and two-phase flow heat transfer and pre

ssure drop tests under several different conditions. 

Our approach was to use joule heating, with the 

tube being the heater, as a means of providing an easily 

controlled, easily measured heat source. 

The schematic diagram of this experimental loop is 

shown in Fig. 1. It consists of several major parts. 

1. Water receiver and preheater 

2. Degas tank 

3. Feed pump 

4. Flow meter 

5. Joule-heated test section 

6. Impingement separator 

7. Condensor 

8. Instrumentation devices 

The loop starts with a plastic receiver tank, which 

holds 25 gallons of fresh, distilled water. This tank 

acts both as a water supply for the total test system, 

7 
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and as a over-flow receiver from the degas tank for 

maintaining the water in the degas tank at a fixed level. 

Right after the receiver and a centrifugal delivery pump, 

there is a 30-gallon gas-fired water heater. The func

tion of this heater was to heat the water until it was 

close to the inlet temperature selected for the test 

runs. 

The purpose of the degas tank was two-fold. First, 

it acted as a holding tank for feed liquid. Since the 

tank is elevated approximately 16 ft above the feed pump 

it also provide NPSH (Net Positive Suction Head) for the 

pump even when liquid in tank was at 210°F. In addition, 

the degas tank had heat tracing around the outside in 

order to maintain the feed liquid at as near saturation 

condition as possible. Thus dissolved gases were driven 

out through an opening to the atmosphere. This was 

important, because these gases can play an important 

role in supplying extra vapor to a developing two-phase 

flow. The excess vapor will likely cause a premature 

departure from nucleate boiling. 

The feed pump was a Teel, bronze, rotary-gear pump. 

It was close coupled to a 3/4 hp motor. The discharge 

head of this pump can reach as high as 150 psig, and the 

maximum capacity is approximately 3/4 of a gallon per 

minute at maximum pressure. The pump was chosen because 

it was a positive displacement pump and because it intra-
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duced only negligible pressure variations in the flowing 

fluid. This was a very important consideration in choos

ing the pump we needed in the loop. During the heating 

runs, when some of the liquid in the test section was 

vaporized, the back pressure from the far end of tes~ 

section increased very sharply, and sometimes it appeared 

to induce pressure oscillations. If the pump were not 

able to overcome those pressure variations, it would have 

been impossible to operate at a constant flow rate. 

The flow measuring device used in this system was a 

Ramapo Model Mark X flow meter. Vle connected the output 

of this meter to a digital display device, so we could 

read the flow rate very accurately and easily. This flow 

meter was an inductance type rotameter with the float 

forming one leg of a variable reluctance ·~·lhetstone 

bridge. Two floats were available, one with a range of 

0.075 to 1.0 gallon per minute and the other with a flow 

range of 0.005 to 0.15 gallon per minute. This feature 

permitted operation at the extremely low flow rates in 

order to look at effects of turndown on heat transfer. 

This flow meter was calibrated by using a cylinder with 

a capacity of 2 liters and a stop watch. The reading 

from the meter was an exact linear function of the 

actual flow rate. Since this flow meter is so delicate 

that any solid particle in the fluid could stick the 

float or damage it, an inline filter was placed just 
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before the flow meter inorder to protect it. Any solid 

particle with size over 15 microns would be retained by 

the filter. Hence, the water was clean and free of par-

ticle that co~ld interfere with ooeratinu the test sec-
- 0 

tion. 

The test section used in the helical experiments 

was made of 304 stainless steel, 1/4 inch outside dia

meter, 0.029 inch wall tubing. The length of these test 

sections was 93 inches. This length was chosen on the 

basis of the energy input density. If we used a shorter 

tube, there would not have been a long enough path to 

achieve the several boiling regimes desired. If we used 

a tube longer than this, it would increase the longitudi

nal electrical resistance of the tube itself and reduce 

the heat power input to less than that needed for vapor-

ization. 

Both the ends of test section were connected to a 

20 volt, 1000 amp Sorenson DC power supply. In order to 

avoid any electrical leak, the fitting bet-.veen the test 

tube and the experiment loop was made up of two stain

less steel flanges with a Teflon gasket between them. 

The first test section was deliberately designed to match 

the pitch and the coil diameter of receiver in Crosbyton 

project. The pitch of the coil was then changed to gain 

some understanding of the effects of radial acceleration 

upon turbulent developing two-phase flows. 



Although not used in the work reported here, the 

two-phase flow loop has provision for measurement of 

steam quality down to extremely low qualities. The 

device used is an Anderson Hi-eF, Model LC~50 impir.ge

ment separator. The principle of this separator is 

that a mixture of gas and liquid enters through the top 

and hits an impingement plate. The vapor phase passes 

out midway down the separator and the liquid comes out 

the bottom. The vapor will go back to the main line of 

the loop, and the liquid will go through a small cooler, 

made of a 6-inch aluminum irrigation pipe, and be chill

ed to subcooled liquid. 

The condenser was a very simple copper coil sus

pended in a water bath. Cooling water flowed through 

the bath, condensing the steam. Then the condensate 

was returned to the water preheater, making a complete 

closed loop system. 

The helical test section was instrumented with 

thermocouples placed at 3-inch intervals along the out

side of the helix. All of the thermocouples were cali

brated by means of melting point standards to assure 

accurate reading of temperature within the region we 

tested. On the tube at every other 3-inch interval we 

placed a second thermocouple on the inside of the helix 

in order to compare heat transfer coefficients at a 

single location. 

12 
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The thermocouples were attached in the following 

manner: first, a pad of sodium siiicate cement was laid 

on the surface of tube itself. The cement was allowed 

to cure and then sanded down to a thickness of approxi

mately 0.002 inch. This provides electrical insulation 

from the DC current in the tube, but still allows a 

reasonable contact between the thermocouple bead and the 

tube wall. The thermocouples were then pressfastened to 

the cement pad with Scotch Brand No. 365 fiberglass 

thermosetting tape. This technique has been found to be 

very satisfactory in holding the thermocouple bead 

tightly against the sodium silicate pad thus minimizing 

thermal contact resistance. Figure 2 shows a thermo

couple resting on the silicate pad and the fiberglass 

tape used to secure it. After all the thermocouple had 

been installed the coil was wrapped in a double layer of 

1/2-inch thick TempmatR high temperature glass insulation 

and then in a layer of canvas cloth. 

Both type K and type J thermocouples are used in 

these experiments. Thermocouple temperature measure

ments are made using a Brown Dual Function Potentiometer 

Pyrometer dial indicator for K type thermocouples and a 

Honeywell Elektronik 15 dial recorder for J type thermo

couples. 

Pressures were measured in the system at the points 

indicated in ?ig. 1 either by dial pressure gauges 



Fig. 2 Thermocouple Resting on Silicate Pad 
Before Final Installation 

14 
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supplied by Foxboro or by a digital pressure sensor 

located at the inlet and the outlet of the test section. 

The electronic pressure system was a Thine ~odel P-301 

digital pressure readout system with Thine 1207A pressure 

sensor. The sensors have an operating range of 0-1000 

psia and were calibrated using a dead weight tester. 

The power supply for this helical flow loop is a 

Sorenson Model DCR 20-lOOOA, 20 KVA direct current power 

supply. Two Precision volt meters and a Precision shunt 

were used to measure the electrical power supplied to 

the test section. 

The fully instrumented test section is shown in 

Figure J. 

Sxperimental Procedure 

Before the experimental data were taken, some preli

mary work was required. First, the entire loop system 

was cleaned with detergent and distillated water several 

times. Second, pressure testing of the loop was perform

ed to make sure there would be no leakage during the 

operation which might result in human injury. In ad

dition, before taking heat transfer data on each test 

section, it was necessary to collect data for pressure 

drop as a function of flow rate. These data were a 

valuable reference for later studies on the effect of 

the helical geometry on two-phase flow pressure drops. 



lt 

Fig. 3 Fully Instrumented Test Section 
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The object of this experiment was to study the 

relationships between the heat transfer coefficien~ and 

parameters such as inlet temperature, flow rate and 

working pressure for turbulent flow in helical coils. 

With each test section, the inlet water temperature was 

systematically controlled at 120°F, 145°F or 170°F, with 

no more +5°F variation for a given set of runs. For 

each inlet temperature, a number of runs were made at 

different flow rates and different working pressure. 

The flow rates selected were: O.llGPM, 0.15GPM, O.JOGPM, 

0.38GPM and 0.45GPM. The working pressure zones were 

5 to 29 psig and 45 to 65 psig. After all the tests 

mentioned above were completed, we changed the test 

section coil pitch and repeated the same experimental 

sequence. 

The following prodedure was used for each experi-

mental run: 

1. Set and record the inlet temperature and water flow 

rate. 

2. Turn on the power switch and the flow of cooling 

water. 

3. Wait 30 minutes to allow the system to approach 

steady state. 

4. Record the voltage and amperage of the power supply. 

5. Record the fluid temperature at inlet and outlet of 

test section. 
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6. ~ecord the pressures at both ends of the test tube. 

?. Record the temperature readings for all the :hermo

couples along the inside and outside of the helical 

tube wall. 



CHAPTER IV 

DATA REDUCTION PROCEDU~S 

Once all the data from a joule heating test were 

collected, a thermal-fluid model and a computer program 

were used to calculate all the needed information. Using 

the program we could analyze the heat transfer and 

pressure drop performance, and compare these experimental 

results with the predictions of a correlational simu

lation. The thermal-fluid model we developed for both 

theoretical simulation and experimental data reduction 

conceptually divide the entire test section into 31 ele

ments, with length of each element equal to 3 inches. 

For each element the analysis began with the entering 

fluid temperature. Then the program used a sequence of 

heat balance equations and correlations to calculate the 

local heat transfer coefficients and pressure drops over 

each 3-inch test section. The outline of the computer 

program is given below. 

Theoretical Simulation 

4.1. Heat Balance 

Because the temperature rise in each element is so 

small, we assumed that the variation of fluid physical 

properties within each element was negligible. The 

energy balance on the fluid passing through each element 

19 
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is given by the following equation: 

T Habsorb 
o ~ Ti +----~~ 

,/. c (~.1) 

where 

p 

T0 ~ Temperature of fluid at the outlet of 

each element 

Ti = Temperature of fluid at the inlet of 

each element 

W = Mass flow rate of the fluid 

CP = Heat capacity of the fluid at the inlet 

temperature 

Habsorb = Effective heat absorbed by the 

fluid in each element 

In the first element, T. is equal to the temperature of 
1 

fluid entering the test section. 

The effective heat absorbed by fluid can be exnress-

ed by : 

where 

H - H - H absorb - gen loss (4.2) 

Hgen = Heat generated by electricity in each 

element 

H = Heat lost from the heated tube to loss 
atmosphere in each element 

By assuming the electrical resistance in each 

element is same, the H can be computed by data on gen 
the power dissipated: (4.3) 

H = Volts x Amps x 3.413/~o. of element gen 



From Kern
6 

an equation to estimate the heat loss 

was obtained. 

21 

(4.4) 

where tw ~ temperature of tube wall 

ta ~ temperature of air 

kc = thermal conductivity of insulation 

material 

D1 = Outside diameter of tube and insulation 

D = Outside diameter of tube 

ha = combined heat transfer coefficient of 

convection and radiation to atmosphere 

The tw is calculated by trail and error using the ap

propriate heat transfer coefficient correlations such as 

those listed below. 

4.2. Heat Transfer Coefficient Correlations 

4.2.1. Sub-Cooled Liquid Forced Convection Region 

In the region where the liquid is below its satu

ration temperature, all the heat transfer is from the 

hot tube to a turbulent fluid. ~e checked all the 

Reynolds numbers at the different flow rates used in the 

experiments to verify that there was no laminar flow 

regime during the experiment. Also, no entrance region 

effects were considered. The correlation used to esti-

mate the internal heat transfer coefficient in this 

regime is the Seider-Tate equation?. 
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( 4. 5) 

where hi=Heat transfer coefficients; Btu/hr ft 2°F 

k1=Liquid thermal conductivity; 

Di=Inside tube diametera ft 

G =Mass flow rate; lb/ft2 hr 

~ 1 =Viscosity; lbm/ft hr 

4.2.2. Flow Boiling Region 

The initial boiling transition occurs as the fluid 

temperature approaches the saturation temperature. All 

boiling was considered to be fully developed, with no 

subcooling. We used the Dengler-Addams correlation8 to 

estimate the boiling heat transfer coefficient. 

and 

where 

t 
""'0.5 

(hi)boiling=3-5(hi)conv . 1 \ 
xtt _j 

- · ' '~I V 
1 1 x ~· 9 r ,l

0
· 5[u jo.l 

_X_t_t_ - ~ 1-x ~ L Pv ~ 11
1 

( 4. 6) 

(h.) =Heat transfer coefficient calculated 
l. conv 

from the Seider-Tate equation. 

p=Density of fluid; lbm/ft3 

x:Steam quality 

4.2.3. Film Boiling Region 

Based on accepted practice reported in the litera~u~e 

if the heat flux from tube wall is greater than the 
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critical heat flux, film boling will exist until all of 

the liquid is vaporized. The critical heat flux can be 

calculated by the Macbeth correlation.9 

where 

6 l0-6G(A+H b) 
qcritica1=10 ----~O~l~---6~os~u~4~9------

158D. . 10- G . +41/D. 
1 1 

A=Latent heat of vaporization; Btu/lb 
m 

( 4. 7) 

L=Length of tube which fluid have traveled 

To estmate the heat transfer coefficient in the 

film boiling regime, we used the Rohsenow and Federovich 

correlation~ 0 

GD. 0.8 ~wcnw 0.8 0.8 
h. =0. 023 ( k1/D. ) ( 1

) ( k ) A B 
1 1 ~w w 

where A = X +_& (1-x) 
pl 

B = 1 + 0.1 ( ~-1)0.4 
Pv 

(l-x)0.4 (4.8) 

4.2.4. Steam Superheating Region 

Once all the liquid in the tube has been vaporized, 

the fluid moves into the steam superheating region. In 

this region, the heat transfer coefficient is estimated 

using the Seider-Tate equation. 

In the entire heat transfer analysis, the effects 

of the helical flow geometry have been neglected, be

cause there is very little in the published literature 

concerning the heat transfer behavior in this flow 

pattern. This is a major reason for performing this 

research. 
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4.J. Fluid Pressure Drop Estimation 

The fluid mechanical behavior in these test sections 

goes through a series of different regimes in a manner 

similar to the several heat transfer regime changes ex

perienced. Unfortunately, there is little in the 11 tera

ture concerning the pressure drops for two-phase flows in 

helical coils. For this analysis, we used Wisman's 

method to calculate the pressure drops in the flow 

boiling region for straight tubes. 

As long as the fluid remained subcooled, the follow

ing expression was used to estimate the pressure drop. 

where 

(~p/L) = 0.062112fpV2/Di 

f = [o. ool4 + o .125 ] [ llw]o .17 
Re0.32Jllll 

V = Bulk velocity of fluid in tube 

(4.9) 

(4.10) 

When vapor begins to form, the Wisman correlation11 

was used. First we defined the void fraction in the 

following manner. 

(4.11) 

where and (4.12) 

The liquid and gas superficial velocities can also be 

calculated. 

Uv = (Gx)/pv 

u1 = G(l-x)/p1 
(4.13) 

In order to calculate a ~No-phase Reynolds number the 
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following form is utilized. 

(4.14-) 
where A ::: 1 + (Q/1-Q) (pv/pl) (U /U )2 

v 1 

B ::: (1-Q) (l-Q0.5) (4.15) 

The two-phase Reynolds number can then be used to cal-

culate a friction factor. 

ftp = 0.056 + (0.5/Retp0·32 ) (4.16) 

Finally the two-phase pressure drop can be calculated. 

(4.17) 

where g = Gravity acceleration constant 

When the vaporization is complete, equation (4.9) 

is used to predicted the single vapor phase pressure 

drops, with appropriate vapor physical properites. 

4.4 Physical Property Estimation 

Here are some correlations obtained from the liter-

ature which were used to calculate the physical proper

ties of liquid water and steam. 

4.4.1. For Saturated Liquid Water 

~ensity12 is approximated in the following manner. 
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p :: 62.43 ( 1 +D+E) 
(3.197.5+A+B+C) 

(4.18) 

where 

A = -0.31.51.548(374.11-T)l/3 

B = -0.001203374(374.11-r) 

C = 7.48908 X 10-l3 X (374.11-T)4 

D = 0.1342489(374.11-T)0.33 

E = -0.003946263(374.11-T) 

T = fluid temperature, 0 c 

Heat capacity13 can be calculated for the following 

temperature ranges. 

cp(Btu/lbm°F) ~ 2.13974-0.968137xl0-2T 

+0.268536xl0-4T2-0.242139xl0-7T3 

for 273 < T < 410°K 

cp(Btu/lbm°F) = -11.1.5.58+0.0796443T 

-O.l74799Xl0-3T2+0.l291.56xl0-6T3 

(4.19) 

Viscosity14 dependence with temperature is similarly 

obtained. 

ln~ (cp) = -.52009 + 1477-31/T 273<T<473°K 

ln~(cp) = -4.3437 + 1120.93/T T>47J°K(4.20) 



Th 1 d t o "t 15 o erma con uc 1v1 y 1s also temperature denendent. 

l0 6K(~V/cm°K)= -1390.53 ~15.1973T -0.0190398T2 

273<T<413°K 

10
6

K(mW/cm°K)= -339.838 ~9.86669T -0.0123045~2 

(4.21) 

4.4.2. For Steam 

Density16 is calculated by the following equation. 

Pv=l./3xp(5.48664-0.0l2174T) 

Pv=l./Exp(4.68087-0.010202T) T>425°F 

(4.22) 

Heat capacity17 over the given temperature range was 

given in the following form. 

(4.23) 

Visicosity also had a temperature dependence defined in 

the following manner. 

11 =241.91 (0.150lxlo-4 )T0 ·5;cl~ 44~· 8 ) rv 1 

~0.0001(BPw/T +A) 

where Pw = 0.07031p p; psi a 

A = 0.0389P 2/0.05476T T; OK 
w 

B = 6.36-(0.00231(1340/T)) (4.24) 

Finally thermal conductivity18 was estimated by the 

following equation. 

27 
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k(mW/cm°K) = 0.00084T-0.07133 273<'r<450°K 

k(mW/cm°K) = 0.001065,r-O.l7424 T>450°K (4.25) 

~YPerimental Data Reduction 

In the data reduction procedure, we used the same 

thermal model as was described earlier in this chapter. 

The only difference was that no correlations are used. 

All the heat transfer coefficients are calculated 

directly from the experimental data which included: 

1. inlet and outlet temperature of fluid, 2. tube out-

side wall temperature of each element, J. pressures at 

both ends of the test section, 4. fluid flow rate, 5. 

power dissipated. 

4.5. Heat Balance 

We used the same basic equations (4.1), (4.2), (4.3) 

and (4.4) to obtain the fluid temperatures for each ele

ment of the test section. The calculated outlet fluid 

temperature was compared with the measured temperature 

for each run. These values consistently agreed within 

0 !:1.5 F. 

4.6. Inside Tube Wall Temperature 

Calculation of heat transfer coefficient using the 

film theory required the bulk fluid temperature, local 

heat flux and inside tube wall temperature. The inside 



tube wall temperatures were estimated from the outside 

temperatures. Since the electrical resistance of the 

tube wall generated the heat, the equation needed for 

heat conduction was developed from Fourier's law. 

29 

qr = -k(dT/dr) ( 4. 26) 

where T = Tube wall temperature 

k = Thermal conductivity of tube wall 

r = Distance from the tube wall to the 

center line of tube. 

A basic differential equation for heat conduction with 

self heat generation is glven in the following expression. 

d(rqr) 
--~-=Sr 

dr e (4.27) 

where Se = volumetric rate of heat generation 

These differential equations were solved to obtain an 

exnression for calculating the inner tube wall temper-

ature. 

where 

2 
S 2 2 8eRo Ro 

e --ln(-) T. =T -- (R
0 

- Rl. ) + 
l 0 4k 2k R. 

l 

T.=inside wall temperature °F 
l 

T =Outside wall temperature °F 
0 

R =Outer tube radius, ft 
0 

R.=inner tube radius, ft 
l 

(4.28) 

And the heat conductivity for the stainless steel, 304, 

tube is given by : 



ks = 8.50(l+0.000517T) ( 4 o 2S ) 

where ks = thermal conductivity of tube wall, 

Btu/hrft°F 

T = wall temperature, 0.., 
~ 

4.?. Heat Transfer Coefficient 

Once the inside tube wall temperatures have been 

estimated, the local heat transfer coefficients are also 

easily calculated. 

where 

h 0 = (..9:.) I ( T 0 - T ) 
1 A 1 

(4.30) 

q = heat generated in each element, Btu/hr 

A = surface area of tube inside wall in each 

element, ft2 

T = fluid temperature, °F 
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EXPERIIVIENTAL RESULTS 

After all the experimental data were reduced using 

the computer program described in Chapter IV, the re

sults included: 1) The calculated fluid temperature at 

the outlet of each element; 2) Local internal heat 

transfer coefficients measured on the inner and outer 

surfaces of the helix; 3) Internal heat transfer co

efficient estimated by the appropriate correlations; and 

4) Pressure drops estimated by Vlisman correlation. 

In this chapter we shall discuss: 1) Comparison 

of both single-phase and two-phase heat transfer co

efficients based on experimental data, and calculated 

by theoretical correlations; 2) The relationship 

between the operating parameters and heat transfer 

coefficient in helically coiled tube flow; and 3) 

Pressure drop behavior of single-phase and two-phase 

flow in a coiled tube compared with that for straight 

tube correlations. 

Heat Transfer Comparisons 

Sample liquid phase heat transfer coefficients 

obtained from exueriment and the Seider-Tate equation 

are shown in Fig. 4. From this it can be seen that the 

liquid flowing in the coiled tube has a heat transfer 

coefficient about 15 percent higher than in a straight 



I 

tube. This result can be attributed to some extent to 

the secondary flow patterns developed in the model of 

Bell19. 

When a liquid moves through coiled tube all the 

fluid elements experience a centrifugal force which is 

proportional to the square of the element velocity and 

inversely proportional to the radius of curvature. 

32 

Therefore, the more rapidly moving elements near the 

centerline tend to move toward the outside, displacing 

the slower moving elements, which in turn move back to-

ward the coil axis. This flow pattern is imposed upon 

the primary fluid flow and is called secondary flow. 

In a straight tube, the fluid velocity near the tube 

wall is lower than the bulk velocity because of friction, 

but in a coiled tube, because the effect of secondary 

flows, the actual relative velocity between tube wall 

and fluid may be greater than bulk velocity, and pro

vides greater turbulence which can improve the heat 

transfer effect. 

The experimental heat transfer coefficient of a 

sample heating run with phase change is shown in Fig. 5. 

We can see that the heat transfer coefficient in the part 

of tube just before the point where the fluid temperature 

reaches its saturation temperature is several times that 

predicted by the Seider-Tate equation. From the conduc

tion heat transfer calculation, it is apparent that the 
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inside wall temperatures are rather greater than the 
\ 

fluid saturation temperature. 

This suggests that the liquid near the tube wall is 

superheated and can form bubbles. The fluid is experi

encing subcooled nucleate boiling. In this mode of heat 

transport, the bubbles transport latent heat and increase 

the convective heat transfer by agitating the liquid near 

the tube wall. This provides for a very efficient mode 

of heat transfer. 

At the point where Tfluid equals to·Tsatt.' the fluid 

should be move into fully developed boiling and have a 

heat transfer performance similar to that predicted in 

Fig. 5. By contrast, the results of the experiments show 

that in this region the heat transfer is relatively poor. 

Possible reasons for this decline heat transfer 

coefficient are: because all the liquid in the tube is 

beginning to evaporate, the volume fraction of vapor phase 

is rapidly increasing. With the very small tubes used in 

the experiments (0.152 in. ID), the fluid flow quickly 

assumes a pattern of slug flow. Because of the limited 

snace in the tube, bubbles can easily obstruct the path 
4 

of incoming liquid, decrease the level of contact between 

liquid and tube wall, and reduce the effectiveness of 

heat transfer. This, in turn, can establish a nremature 

departure from nucleate boiling (DNB). 

After the prema~re DNB, the fluid flow appears to 



be dispersed flow. The vapor and liquid are well mixed, 

and the heat transfer coefficient again increases as 

mixture velocity increases. 
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In Figure 6 and 7 we see the apparent effect of coil 

flow on heat transfer coefficients along the outer wall 

and inner wall of helix. The heat transfer coefficients 

on the outer wall are higher than those on the inner wall, 

especially in the nucleate boiling regime. In that regime 

the centrifugal forces induced in the flow by the helical 

path probably cause the liquid droplets to be thrown out

ward to the tube wall farthest from the coil axis while 

the low density vapor collects on the inner side. This 

can increase the heat transfer effectiveness at that 

location. After the nucleate boiling regime, this effect 

seems to decrease. As the fluid enters the dispersed 

flow domain, there is almost no difference in heat 

transfer efficiency on these two sides of the tube wall. 

The relationships between heat transfer coefficient 

and operating parameters in helically-coiled flow are 

shown from Fig. 8 to Fig. 11. In Fig. 8, with several 

runs having the same mass flow, same pressure and same 

coil pitch, we can see the effect of fluid inlet temper

ature on heat transfer performance. 

The higher inlet temperature gives better heat 

transfer. We know that the physical properties are 

temperature dependent, so in heat tr~~sfer, both ~eynoljs 
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number and Prandtl number will change with fluid temper

ature. The Reynolds number increases with temperature, 

while the Prandtl number decreases. From the experi

mental results we see that in coiled flows, the Reynoljs 

number effects apparently dominate the heat transfer. 

From Fig. 9 we see the effect of operating pressure 

on heat transfer in the subcooled and nucleate boiling 

region. It would appear that operating at lower pressures 

gives better heat transfer than at higher pressures. 

The effect of Reynolds number on heat transfer 

coefficients for liquid phase helical coil :low is shown 

in Fig. 10. It is seen that at lower Reynolds numbers 

the ratio of experimental heat transfer coefficient to 

that predicted by correlations is greater than in the 

higher Reynolds number region. We think it may be 

because at lower flow rates, the fluid displays the 

effect of secondary flows, while at higher flow rates 

the increasing level of turbulence may wash out some 

part of the secondary flow. Thisreduces the heat trans

fer augmentation effect. 

The influence of coil pitch on heat transfer effic

iency is shown in Fig. 11. The results indicate that 

there is no large difference between the two test 

sections' results. In general, however, the smaller 

pitch test coil gives a slightly higher heat transfer 

coefficient than larger pitch coil. 
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Pressure Drop Comparison 

Liquid phase pressure drops in the coiled tube are 

compared with those for a straight tube in Fig. 12. ~he 

figure shows that when operating at a lower flow rate 

the results from the straight tube pressure drop equation 

are within +40% coil flow results. At higher flow rates, 

the coil flow pressure drops are much higher than for a 

straight tube. From the experimental data, we see that 

the liquid pressure drop in helical coil flow is propor

tional to the flow rate 2.8 power, as shown in Fig. 13. 

With this experimental result, we can predict the pressure 

drop in liquid flow for our experimental flow rate range. 

In two-phase flow, the pressure profile predicted 

by Wisman's method is seen in Fig. 14. It reveals that 

the two-phase region dominates the total pressure drop. 

Because of limitations of instrumentation we were unable 

to measure the local pressure drops in two-phase flow to 

get the actual pressure profile. However the following 

relationship is known. 

6 P total = 6 Pliquid phase+ AP two-phase 
( 5. 1) 

From Fig. 14 we can get 6Pliquid' so we can find the 

~Ptwo-phase for each experimental run. In comparing 

these results with Wisman's method, Fig. 15, we see that 

in two-phase flow the helical path flow produces a great

er pressure drop that straight tube does. However, when 

the steam quality is over 15:%, the error of using '' isman • s 
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method is reduced to about 20%. 

~e sought relationships between pressure drop and 

operating parameters for single-phase and two-phase flow 

in coiled tubes, but over the range of our experiments, 

no explicit relation was found. 
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CHAPTER VI 

CONCLUSION 

1) The fluid flow through the helically-coiled tube can 

give higher heat transfer coefficient than flow 

through straight tube especially in the nucleate 

boiling regime. 

2) Because of the centrifugal force effect in coil flow, 

the heat transfer performance on the tube wall outer 

side of helix is better than inner side of helix. 

3) ·The DNB (Depature of Nucleate Boiling) appears to be 

occuring prematurely in our experiments, because of 

the small tubing inside diameter. 

4) The pressure drop for helical coil flow is greater 

than straight tube flow for both single-phase and 

two-phase flows. 

5) The pressure drop of liquid phase in coil tube is 

proportional to (flow rate) 2 · 8 . 

6) At high steam quality, Wisman's method can be used 

to predict the ~No-phase pressure drop of helical 

coil flow. 
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CHAPTER VII 

RECOMMENDATIONS 

The following recommendations are made based on the 

experimental findings of this research. 

1) In order to study the heat transfer behavior with 

high void fraction and in superheating vapor phase 

region, additional experimentation should be designed 

to make high steam quality heating runs. 

2) Further investigations using working fluids other 

than water should be carried out. 

3) There should be an expanded study of the heat trans

fer effectiveness and pressure drop in other test 

sections with different coil radii and different 

inside tube diameters. 

4) The instability of two-phase flow in helically-coiled 

tube should be investigated. This experiment co~ld 

be done by oscillating the flow variables such as 

pressure drop, flow rate, fluid density, etc. 
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APPENDIX I SU~TIVIARY OF EXPERIMENTAL TEST RUNS 

First Test Section: tube outside diameter: 0.25 in 

tube inside diameter: 0.152 in 

tube length: 93 in 

coil diameter: 12 in 

coil pitch: 5.75 in 

Flow Rate Tin Tout Pin Pout % of 
Run (GPlVI) (oF) (OF) (psig) (psig) vap. 

2 0.086 81 246 37 20 13.87 
4 0.495 175 228 31 18 0.0 

5 0.377 130 200 24 16 0.0 

6 0.269 121 215 17 14 0.44 

7 0.218 91 197 18 15 0.0 

8 0.177 94 216 17 15 1.24 

9 0.132 90 224 19 17 7.14 

10 0.464 152 207 35 25 0.0 

11 0.373 149 217 30 24 0.0 

12 0.253 143 234 27 24 0.3 

13 0.160 140 239 29 21 5.8 

14 0.110 137 243 35 24 11.7 

15 0.446 164 221 32 22 0.0 

16 0.377 165 232 30 24 0.0 

17 0.305 167 242 29 26 0.53 

18 0.225 158 243 30 24 2.43 

19 0.150 158 247 37 27 7.64 
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Flow Rate Tin Tout Pin Pout ·f f' ·:o 0 
' -

Run (GPM) (OF) (oF) (nsig) (psig) van. 

20 0.106 156 249 42 28 14.11 

22 0.228 161 266 42 41 0.07 

23 0.304 167 249 43 39 0.0 

24 0.375 172 239 55 48 0.0 

25 0.450 177 234 55 44 0.0 

26 0.152 123 236 27 22 4.74 

27 0.230 119 218 21 20 o.o 

28 0.305 121 204 23 20 0.0 

29 0.375 125 195 27 22 0.0 

30 0.451 124 183 32 22 0.0 

31 0.453 117 176 56 46 0.0 

32 0.375 120 189 50 43 0.0 

33 0.303 122 208 62 58 0.0 

34 0.228 123 229 70 68 0.0 

35 0.150 122 265 66 65 0.0 

36 0.449 144 202 56 47 0.0 

37 0.377 147 216 57 51 c.o 

38 0.300 145 229 70 66 0.0 

39 0.230 147 250 62 61 0.0 

40 0.148 146 289 66 65 1.55 

41 0.450 145 203 29 19 0.0 
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Second Test Section: tube outside diameter: 0.250 in 

tube inside dia'1leter: 0.152 in 

tube length: 93 in 

coil diameter: 12 . l.n 

coil pitch: 3 in 

Flow Rate Tin Tout Pin Pout % of 
Run (GPM) (OF~ (OF) (psig) (nsig) vap. -
42 0.152 143 245 33 23 6.13 

43 0.232 144 238 26 23 1.27 

44 0.304 146 229 24 22 0.0 

45 0.378 149 217 27 22 0.0 

46 0.448 170 229 33 24 0.0 

47 0.375 173 241 32 26 0.0 

48 0.304 163 241 30 27 0.11 

49 0.231 163 247 35 30 2.31 

50 0.149 163 252 43 32 7.99 

51 0.149 164 287 56 55 4.21 

52 0.112 166 252 47 32 13.45 

53 0.454 122 180 31 23 0.0 

54 0.374 115 186 26 21 0.0 

55 0.306 114 198 23 20 0.0 

56 0.230 125 223 22 21 0.21 

57 0.151 125 247 28 24 4.31 

58 0.107 126 243 36 27 11.63 

59 0.450 146 205 32 23 0.0 

60 0.095 147 I"\4C t:. -" 45 30 15.79 
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Flow Rate Tin Tout Pin ?out -1 f 
~j 0 

Run ( GPr.1) (OF) (OF) (psig) (nsig) van. --
61 0.13 157 249 43 JO 9-99 

62 0.103 156 250 46 31 14.65 

63 0.0725 155 250 50 31 24.51 

64 0.043 155 250 52 31 47.97 
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