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Abstract-Although there are many industrial applications of liquid-solid flows in technology, the available 
knowledge of heat transfer to or from such flows is limited. In this study the effects of parameters on the 
enhancement of heat transfer from water-feldspar slurries flowing turbulently upwards in vertical annuli 
were investigated and the experimental conditions beneficial to the enhancement of heat transfer were 
determined. It was found that the heat transfer enhancement in upflow of slurries through a vertical annulus 
was a function of Prandtl and flow Reynolds numbers, the ratio of equivalent diameter to particle diameter, 
the aspect ratio of the inner pipe diameter to the outer pipe diameter and the concentration of solid particles 

in the slurry. 

INTRODUCTION 

The subject of heat transfer in particulate flows 

became popular during the 195Os, when seeding the 

flow with micrometre-size solid particles was con- 
sidered as a “heat transfer augmentation technique” 

[l, 21. 
Enhancement or augmentation of heat transfer by 

introduction of solids into fluids offered many advan- 

tages to conventional cooling of nuclear reactors [l]. 

Since the same heat transfer rates could be achieved 

at lower system pressures, costs were reduced due to 

the smaller heat transfer area requirement and the 

lower cost of construction materials at the reduced 
pressures. The same technique was used to overcome 

the deficiencies of gases and liquids in using them as 

heat transfer media [3]. 
The heat transfer and flow characteristics of liquid- 

solid flows in horizontal and vertical pipes were inves- 

tigated by several researchers [3-lo] ; however, liquid- 

solid and gas-solid flows in annuli were not studied 

adequately due to their complicated nature. 

The relationship between the heat transfer enhance- 

ment due to the presence of solid particles and the 

fluid-solid interactions in horizontal and vertical pipe 

flows of suspensions was studied by several 

researchers ; relatively recent investigations were made 

by Brandon and Thomas [5], Plass and Molerus [6] 

and Zisselmar and Molerus [I 11. In all these studies, 

it was proved that in the viscous sublayer the strong 

mutual interaction between the fluid and solid phases 
increased the turbulent intensity, thus the solid par- 
ticles enhanced the wall-to-suspension heat transfer 
by thinning the viscous sublayer. Brandon and 
Thomas [5] obtained a dimensionless grouping, 

d,* = (d,/D)(Re)““6 and reported the occurrence of 
a peak heat transfer enhancement at a constant value 
of A,* which was found to be 4.4 for water-glass pow- 

der suspension flows. Gzbelge [8] investigated the 

applicability of the model proposed by Brandon and 

Thomas [5] and concluded that a particular com- 

bination of particle size, pipe diameter, flow Reynolds 

number and solid concentration would determine the 

magnitude of the peak heat transfer enhancement in 

suspension flows, while its location was set by dp* in 

accordance with the interaction model [5]. ozbelge [8] 

further reported dz as 4.2 for water-feldspar slurries 

flowing turbulently in horizontal pipes. This model 

has not yet been checked for liquid-solid flows in 

annuli and more research is needed to clarify the two- 

phase heat transfer mechanism in a vertical annulus. 

The objective of the present study is to provide exper- 

imental data to be used in the design and modelling 

work. 

EXPERIMENTAL 

In the experimental investigation of heat transfer to 

or from liquid-solid flows in a vertical annulus, the 

chosen independent variables are particle size, solid 

concentration, flow Reynolds number and the aspect 

ratio, which is the ratio of the outside diameter of the 

inner pipe to the inside diameter of the outer pipe. 

The convective heat transfer coefficients, heat transfer 

enhancement ratio and the Nusselt numbers of sus- 

pension flows in the annulus have been determined. 

E.xperimental set-up 
The apparatus used in the experiments is shown in 

Fig. 1. It consists of two main lines, a hot slurry line 
and a cold water line. The slurry line forms a closed 

loop system which has the following items: a slurry 
pump, and a heat exchanger on the horizontal line to 

heat the slurry to the desired temperature with steam 
before entering the vertical annulus of 4.1 m in length. 
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NOMENCLATURE 

flow area of annulus [m*] 

tube-side heat transfer area, 7t D,, L 

[m’l 
annulus-side heat transfer area, x D,, 

L WI 
heat capacity [J kgg’ Km’] 
solid concentration in the feed slurry 

[wt%] 
pipe diameter [mm] 

equivalent diameter of annulus [mm] 

dimensionless grouping, 

(dp/D)(Re)""6 
particle diameter [mm or pm] 

inside diameter of inner pipe [mm] 

outside diameter of inner pipe [mm] 

inside diameter of outer pipe [mm] 

heat transfer coefficient [W mm2 Km’] 

thermal conductivity [W m-’ Km’] 

thermal conductivity of copper tube 
pN m-’ Km’] 

length of test section [m] 

mass flow rate [kg s-‘1 

Nusselt number 

Prandtl number 

heat transfer rate [W] 

qLoa, rate of heat loss to surroundings w] 

RC? Reynolds number 

T temperature [“Cl 

U velocity [m s-’ or cm s-‘1 

UO overall heat transfer coefficient 

x weight fraction of solids in slurry [kg 

kgg’]. 

Greek symbols 

ATLM logarithmic temperature difference [K] 

K aspect ratio, D,,/Do, 

P viscosity [kg mm ’ s- ‘1 

: 

density [kg m-‘1 

volume fraction of solids in 

suspension. 

Subscripts 

P solid particle 

S suspension or slurry 

si slurry inlet 

so slurry outlet 

SW water in annulus side 

W water in tube side 

wi cooling water inlet to tube side 

wo cooling water outlet. 

1 
2.25 m 

1 

Di:30.3mm 

tip -Monomeler 

, Sleom Inlet 

WATER TANK 

WI: HEAD 
TANK 

By pose 
Line 

13cm 

28cm 

96cm 

Fig. 1. Schematic of the experimental set-up. 
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Fig. 2. A schematic diagram of the flared mixing chamber. 

The vertical test section is the 1.22 m section of the 

annulus. An entrance length of 1.57 m was provided 

from the bottom end of the annulus to the test section 

to ensure fully developed velocity and temperature 

profiles in the test section. The annulus has flared 

mixing chambers at both its ends, equipped with 

babies to provide uniform flow of liquid-solid 

mixtures. A schematic diagram of the flared section is 

shown in Fig. 2. 
The cold-water line consists of a constant-level tank 

with an overflow line to the drain and a centrifugal 

pump which forces the cooling water upwards in a 

vertical pipeline to the top of the annulus, then it flows 

downwards through the inner pipe of the annulus and 

again upwards in a hydraulic leg approximately 2 m 

long at the end of the annulus to prevent leakage of 

air into the system. 

The shrrry and cooling water flow rates were mea- 

sured with previously calibrated orifice meters placed 
on the corresponding lines away from the elbows to 

avoid flow disturbances. Shielded iron-constantan 
thermocouples used to measure slurry temperatures 
extended into the annulus horizontally with their tips 

in-between the inner and outer pipes, while the ther- 
mocouples measuring water temperatures extended 
into the centre of the inner pipe. Utmost care was 

provided to avoid leakage between the annulus and 

the inner pipe, and to minimize the flow disturbance 

in the test section. Shielded iron-constantan ther- 

mocouples of surface type were used to measure the 

wail temperatures on the outside surface of the inner 

pipe and they were fixed by bolts-and-nuts arrange- 

ments on the outside surface of the outer pipe. 

The solid particles used in heat transfer experiments 

were feldspar with the physical properties given in 

Table 1, Three batches of particles with different aver- 

age diameters were prepared by using a series of Tyler 

standard sieves. Arithmetic average diameters 

between the sieves were taken as the average diameter 

for each batch of particles. In the experiments three 

concentric pipe-sets were used. The details for these 

pipe-sets are given in Table 2. 

E.xperimentd procedure 
At the start of this work, the orifice meters were 

calibrated. The thermocouple calibrations were 

checked by using a temperature-controlled water bath 
and a thermometer accurate to fO.OSC. This pro- 
cedure was repeated at the beginning of experiments 

with each concentric pipe-set, then the thermocouples 
were placed into their positions carefully, and the sys- 
tem was insulated with fibre glass. The accuracy and 
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Table 1. Physical properties of solids 

Material [kg%] 4 
[mm1 5 k 

[J kg- K-l] [w m-’ K-‘1 

Feldspar 2500 0.072 836.8 1.09 
(K*O. A&O,. SiOJ 0.127 

0.191 

Table 2. Characteristics of concentric pipe-sets 

Pipe-set Material of construction 

I 

II 

III 

Outer pipe : galvanized iron 
Inner pipe : copper 

Outer pipe : galvanized iron 
Inner pipe : copper 

Outer pipe : galvanized iron 
Inner pipe : copper 

the reproducibility of the results were tested in several 

runs with water only. The hot water flowing upwards 

in the annulus was cooled by cold water counter- 

currently. Thus, the heat transfer coefficients of a 

single phase, namely of water in the annulus, were 

determined according to the calculation procedure 

given in this paper, and they were compared with 

the heat transfer correlation given by Petukhov and 

Roizen [12]. In addition to this, some of the runs were 

repeated at almost the same operating conditions to 

check the reproducibility. Afterwards, the exper- 

iments with solid particles in water were started. The 

scope of these experiments are given in Table 3. The 

general experimental procedure consisted of the fol- 

lowing steps. 

(1) The slurry side of the system was filled with 

water and the pump was started. The slurry of 

required concentration with a uniform particle size 

was prepared by dumping the necessary amount of 

solids into the head tank, since the volume of the 

system and the density of solids were measured pre- 

viously. The liquid level in the head tank was checked 

to be at the marked level. 
(2) The flow rates of the slurry and the cooling 

water were set at the desired values. 

(3) The slurry was heated with steam to a tem- 

perature within a range of 40-65°C in the horizontal 
heat exchanger, then it entered the vertical annulus 

from the bottom. At each aspect ratio, and each slurry 
velocity, the flow rate of the cooling water was so 

DO, D,O DC 
b-4 b-4 K b-4 

52 16 0.308 1.923 x IO-’ 36 

52 22 0.423 1.744 x 1om3 30 

52 28 0.538 1.508 x 10m3 24 

adjusted that a reasonable temperature difference for 

each stream was obtained between the inlet and the 

outlet of the test section. Thus, the experimental error 

in the thermocouple measurements was minimized 

and an almost linear temperature variation in each 

stream along the overall length of the vertical annulus 

was provided. 

(4) Actual data were recorded within 10 min after 

the system reached the steady state, which required 

approximately an hour or more. At the steady state, 

slurry and cooling water temperatures at the inlet and 

outlet of the overall length of the vertical annulus 

and of the test section, the wall temperatures and 

the pressure differentials of the orifice meters were 

recorded. 

(5) Transport concentration of solids in the flowing 

slurry was determined with a gravimetric technique 

after obtaining a sample of slurry from the sampling 

line on the annulus when the steady state was reached 

in each run. Further details of the experimental work 

are given elsewhere [ 131. 

(6) At the end of the day of experimentation, the 

solids were washed out of the system and the pumps 

were turned off. 

Calculation procedure 
The heat flow rate from the hot slurry to the cold 

water in the test section is given by the following 
equation : 

(1) 

Table 3. Scope of the heat transfer experiments 

Feed slurry concentration, C, [wt%] 
Solid particle size, dp [mm] 
Slurry Reynolds number, Re, 
Slurry velocity in annulus, U, [m s-l] 
Aspect ratio, K 

0.75 < Cf 
0.072 <*P 
15 500 < Re, 
0.248 < % 
0.308 <K 

<2.5 
<0.191 
< 55 500 
<1.25 
<0.538 
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The rate of heat transfer to the cooling water in the 

test section is equal to : 

qw = 4vCdTwo - Tw,). (2) 

The net rate of heat transfer through the wall to the 
cooling water can be calculated as follows : 

where 

4s - 9Loss = qw = UA,ATLM (3) 

U,A,, = 1 
In (D,JDJ 1 -’ 

h,pD,,L + 2nLkcu + h,nD,,L 

and 

(4) 

U’s, - Two) - (Tso - TwJ 
ATLM = ln {(T,, - Tw,)I(Ts,- Td) (5) 

A,, = xD,,L. (6) Nu,, = h,,D,lk,, Pr,, = C,,Mk,, 

For the calculation of tube-side heat transfer 

coefficient for the cooling water, h,, Sieder and Tate’s 

equation [ 141 was used : 

Re,, = D,u,,P,,~A, (14) 

f= (1.821og,, Re,,-1.64))‘. (15) 

The subscript SW was used for water flow in the 

x (C,~,lk,)“3(Ir,l~,,,,)o I4 (7) 

where the physical properties of water were calculated 

at the bulk mean temperature of the cooling water in 

the tube side of the test section. The individual heat 

transfer coefficients of liquid-solid flows, h,, were cal- 

culated using equations (2)-(7). 

The physical properties of dilute liquid-solid sus- 

pensions at the bulk mean annular-side temperatures 

were obtained by the modifications ofwater properties 
for the presence of solids according to their con- 

centrations. The volume-averaged density and the 

weight-averaged heat capacity were calculated from 

the following equations : 

Ps = Psd -@‘)+Pp@ (8) 

c, = cs,(l-x)+cPx (9) 

where X and @ are the mass and the volume fractions 

of the solids in the suspension, respectively. 

The following equations recommended in the litera- 

ture [3, 151 were used for the calculation of the sus- 

pension viscosity and thermal conductivity, respec- 
tively : 

annulus without solids ; Resw and Pr,, were calculated 

using the properties of water at the bulk-mean water 

temperature in the annulus. It was observed that the 

discrepancies between the experimental NM,, values 

and those from the correlation [ 121 were less than 9%. 

This cumulative error included the inaccuracies due 

to the use of Sieder and Tate’s [14] correlation to 

calculate the tube-side heat transfer coefficients, the 

possible experimental errors such as heat loss, tem- 

perature and flow rate measurements and the inac- 

curacy of the Petukhov and Roizen [12] correlation. 

The heat loss was around 1%. The effect of entrance 

length was not important since the L/De ratio was 

changed between 78 and 116 in the range of exper- 

iments. The reproducibility of the repeated runs per- 

formed with the slurry flow in the annulus was around 

10%. Considering the experimental difficulties experi- 

enced with the particulate flows, these results should 

be acceptable. 

p, = psw(l +2.5@+7.17@2+ 16.2m3) (10) 

The individual heat transfer coefficients of liquid- 

solid flows, h,, at different operating conditions cal- 

culated from the experimental data given in Table 4 

using equations (2)-(7) were plotted with respect to 

the slurry Reynolds numbers for each particle size and 

for each aspect ratio, taking the solid concentration as 

a parameter (Figs. 3-l 1). The individual heat transfer 

coefficients for water flow in the annulus, h,,, cal- 

culated from equations (13)-(15), were also plotted 

with respect to the Re,, values in Figs. 3-11 and a 
straight line for each aspect ratio (K) was obtained 
to be used as a reference for the determination of 
enhancement in the slurry heat transfer coefficient, if 

any, by the addition of solid particles to water. It has 
to be noted that the ranges of the Reynolds and 
Prandtl numbers in the experiments performed in the 

annuli with different aspect ratios were not the same, 

k = k 2kw + k, - 2@(k,, - kJ 
, 

sw %w + k, + @(ksw -k,) ’ (11) 

For the thermal conductivity of the copper tube, 
kc,, a value of 379 W mm’“C’ was used [13]. The 
dimensionless numbers for liquid-solid flows in the 

annulus were defined as follows : 

NM, = h,DJk, Pr, = C,pJk, Re, = D,u,p,/pc,. 

(12) 

RESULTS AND DISCUSSION 

Several experiments were performed with hot-water 

flow without solids in the annulus cooled by cold- 

water flow in the tube side to check the accuracy of 
the experimental system. The experimental Nusselt 

numbers for the water flow in the annulus were cal- 

culated using equations (2)-(7) and (14). The theor- 

etical Nusselt number, Nu,,, for each experiment was 

also calculated from the correlation by Petukhov and 

Roizen [12], which is given for a single-phase annular 

flow as follows : 

Nu = (JB)(Re,,- 1000)Pr,,(0.86)~-0~‘6 
bW 

(1 + 12.7(@)(Pr$3 - 1)) 

(13) 

where 
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Fig. 3. Plot of h, vs Re, with C, as a parameter for K = 0.308 
and d,, = 72 pm. 

which caused shifts in these reference lines. The 

approximate ranges of Reynolds and Prandtl numbers 

for each aspect ratio are : 

Re, = 23 000=55 000; Pr, = 3.08L3.40 

for K = 0.308 

Re, = 21 000-48 500; Pr, = 3.15-3.50 

for IC = 0.423 

Re, = 17 50&36 000; Pr, = 3.71-4.50 

for ti = 0.538. 

The most important factors affecting the heat trans- 

fer mechanism in particulate flows were explained in 
the literature by Tien [ 161, Boothroyd [2], Depew [ 171 

and Danziger [18] as boundary-layer thinning, wall- 

contact heat transfer and the reduced eddy diffusivity 
at the wall. Additionally, the importance of radial 

concentration distribution of solid particles on the 
heat transfer mechanism was emphasized by Furuta 

et al. [ 191 and Konno et nl. [7]. Based on the infor- 
mation in the literature, the results of this study can 
be analysed as follows. 

Figures 3-l 1 generally show that the slurry heat 

6. 
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I .25 __a-_ 
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I I I ,I,,, 

2. 5. 

(Re, or Re,,)x10-4 

IO. 

Fig. 4. Plot of h, vs Re, with Cf as a parameter for K = 0.308 
and d, = 127 pm. 

transfer coefficient increases with the Reynolds 

number, however almost every curve exhibits a mini- 

mum vertical distance to its reference line of ‘h,, vs 

R-c,,.,’ at an intermediate Reynolds number indicating 

a minimum enhancement ratio (h,/h,,). In this range 

of the Reynolds number, h, values may become even 

lower than h,, values in some cases (see Figs. 6-8). 

Increasing the Reynolds number to the intermediate 
values (e.g. 25 OOG40 000) has a negative effect on 

the enhancement of heat transfer to or from liquid- 

solid flows due to the acquisition of high momentum 

by particles in the direction of flow, and prevention 
of their lateral motion, which contributes to the thin- 

ning of the viscous boundary layer. This effect is com- 

pensated by the increasing concentration of solids; 
therefore up to the intermediate Reynolds numbers, 

the heat transfer enhancement may decrease, but at 

higher Reynolds numbers the interaction between 
high-intensity eddies and the particles at high con- 
centrations may create favourable patterns for better 

heat transfer. 
Semilogarithmic plots of h, vs Re, in Figs. 6-8 and 

Figs. 10 and 11 show similar trends where the positive 
effects of low solid concentration at low Reynolds 
numbers (e.g. 15 OOC20 000) and of high solid con- 
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0. - 
I. z. 5. 

(Re, or Re,,)x low4 

0. 

Fig. 5. Plot of h, vs Re, with C, as a parameter for K = 0.308 
and o’, = 191 pm. 

centration at high Reynolds numbers (e.g. 45 OOG55 
000) on heat transfer enhancement can be observed. 

The curves diverge from each other at low Reynolds 

numbers indicating that the increasing solid con- 

centration is not beneficial to the heat transfer 

enhancement due to the limited freedom of particles 

in the lateral direction to thin the boundary layer and 
the increased effective viscosity of the suspension [2, 

IO]. The divergence of h, vs Rc, curves from each 

other at low Reynolds numbers may be related to the 

magnitude of the agitation created by the particle- 

particle and the particle-wall interactions which in 

turn depend on the combined effects of particle size, 

width of annular gap, solid concentration, scale and 
intensity of turbulence. As the Reynolds number 
increases, although the effect of solid concentration 

on h, is dominated by the effect of high turbulence, 
the fdvourabte effect of high solid concentration (2.5 
wt%) over those of other concentrations (0.75 and 
I .25 wt%) can still be observed ; because at high solid 

concentrations, wall-contact of the particles will be 
beneficial to the heat transfer mechanism only if the 
particle residence time at the wall is short and the 
particle-wall collision rate is large [2]. 

In Figs. 335 and 9 the beneficial effect of low solid 

6. 

0(woter) x Exptl 

0 - [I21 
0.75 _.*.-- 

1.25 -_&-_ 

2.50 .,... . 

1 I I II,,, 

2. 5. 

(Re, or Re,,) x 10e4 

IO. 

Fig. 6. Plot of h, vs Re, with Cr as a parameter for K = 0.423 
and d,, = 72 /cm. 

concentration on h, at low Reynolds numbers cannot 

be observed in water-feldspar flows through the larg- 

est annular gap (D, = 36 mm) regardless of the par- 

ticle size, or in those carrying the smallest particles 

(& = 72 pm) through the smallest annular gap 

(D, = 24 mm). As can be observed in Figs. 3 and 4, 

the intermediate concentration (1.25 wt%) of small 

and medium size particles (72 and 127 pm) seems 

to provide a fdvourable flow behaviour for the heat 

transfer enhancement, which is reasonable, because in 

turbulent liquid-solid flows, the small particles will 

tend to follow the eddies and the two-phase mixture 

will behave roughly like a homogeneous liquid [2]. 

Therefore at low solid concentrations of small 
particles, particleewall interactions will not be sig- 
nificant. As the solid concentration increases, the 
increased effective viscosity of homogeneous water- 

feldspar mixture will reduce the heat transfer rate: 
however, the intermediate concentrations of small 
particles may create particle-wall interactions [20] at 

a high level to enhance the rate of heat transfer (Figs, 
3 and 4). 

In Figs. 5 and 9, it seems that the behaviour of the 
largest particles (191 pm) in the largest annular gap 
(D, = 36 mm) is similar to that of the smallest par- 
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Fig. 7. Plot of h, vs Re, with C, as a parameter for K = 0.423 Fig. 8. Plot of h, vs Re, with C, as a parameter for K = 0.423 
and d, = 127 pm. and d, = 191 pm. 
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Fig. 11. Plot of h, vs Re, with C,as a parameter for K = 0.538 
and d, = 191 pm. 

titles (72 pm) in the smallest annular gap (D, = 24 

mm). In both of these cases, 2.5 wt% solid con- 

centration yields higher heat transfer coefficients, h,, 

and higher enhancement ratios (h,/h,) than those 

given by the other concentrations (0.75 and 1.25 wt%) 

at low Reynolds numbers. This can be explained again 

by the combined effects of particle-wall, particle-eddy 

interactions represented roughly by the D,/d, ratio 
and the solid concentration. 

CONCLUSION 

It is clear that the dependence of heat transfer 

enhancement on the experimental parameters is quite 

complex. The combined effects of particle size, width 

of annular gap, De/d, ratio, solid concentration in the 

slurry, Prandtl and flow Reynolds numbers determine 

the percentage enhancement in heat transfer to or 
from the turbulent water-feldspar upflows through 

vertical annuli. In order to give more comprehensive 
explanations for the mechanism of enhancement in 
heat transfer, additional experimental data is needed. 
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