m fluids

Article

Experimental and Numerical Investigation of Drag Reduction
and Heat-Transfer Characteristics of Xanthan Gum Solutions at
Different Concentrations in Turbulent Pipe Flow Under Varying
Temperature Conditions

Andi Cahya Ichi 1V, Sri Poernomo Sari >*, Gunawan ! and Yanuar

W) Check for updates

Academic Editors: Nilanjan
Chakraborty, Chengcheng Tao and
Mehrdad Massoudi

Received: 7 April 2026

Revised: 25 May 2026

Accepted: 2 June 2026

Published: 16 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1

Department of Mechanical Engineering, University of Indonesia, Jakarta 16424, Indonesia;
andiichi31@gmail.com (A.C.L); gunawan_kapal@ui.ac.id (G.); yanuar@eng.ui.ac.id (Y.)
Department of Mechanical Engineering, Gunadarma University, Jakarta 16424, Indonesia
Correspondence: sri_ps@staff.gunadarma.ac.id

Abstract

This study presents a combined experimental and numerical investigation of xanthan gum
solutions at 100 and 300 ppm in turbulent smooth pipe flow under temperatures of 30-50 °C
and Reynolds numbers of 8000-12,000. Water was used as the Newtonian reference fluid,
while xanthan gum was modelled using temperature- and concentration-dependent shear-
thinning properties. Experimental pressure-drop data were used to evaluate drag-reduction
behaviour, whereas numerical simulations were employed to analyse the associated flow
and heat-transfer responses. The results show that XG 100 ppm produced a relatively stable
drag-reduction response of approximately 31-39%, while XG 300 ppm showed a wider
and more condition-dependent range of about 25-45%. Water exhibited higher Nusselt
numbers of approximately 68-106. In contrast, XG 100 ppm produced Nusselt numbers
of approximately 45-69, while XG 300 ppm showed lower values of about 35-61. The
corresponding heat-transfer reduction ranged from approximately 26-48% for XG 100 ppm
and 23-46% for XG 300 ppm. These findings confirm a clear hydraulic—thermal trade-off,
indicating that the xanthan gum concentration should be optimised according to both
pressure-loss reduction and heat-transfer requirements.

Keywords: computational fluid dynamics; xanthan gum; drag reduction; heat-transfer
reduction; Nusselt number; non-Newtonian fluid; temperature effect

1. Introduction

Pressure loss and heat-transfer performance are two important aspects in internal
flow systems, particularly in industrial applications involving fluid transport and thermal
exchange. In pipe flow, frictional resistance increases the pumping power requirements,
while the thermal performance of the fluid determines the effectiveness of heat transfer.
Therefore, any attempt to improve hydraulic efficiency must also consider its possible
influence on heat-transfer behaviour [1].

One of the most widely studied methods for reducing frictional resistance is the
addition of drag-reducing agents into the base fluid. Polymer additives, even at low
concentrations, are known to suppress flow resistance and reduce pressure drop. Among
these additives, xanthan gum has attracted attention because it is water-soluble, effective
at relatively low concentrations, and exhibits non-Newtonian shear-thinning behaviours.
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These characteristics make xanthan gum a promising candidate for improving hydraulic
performance in internal flow systems [2-6].

Unlike water, which behaves as a Newtonian fluid at a given temperature, xanthan
gum solution exhibits an apparent viscosity that varies with shear rate. This non-Newtonian
behaviour affects the velocity gradient, wall shear stress, friction factor, and pressure
drop. At the same time, the presence of polymer additives may also alter the convective
heat-transfer performance of the fluid. In many drag-reducing flows, the reduction in
momentum transfer is often accompanied by a reduction in heat-transfer rate, creating a
trade-off between hydraulic benefit and thermal penalty [7-12].

Temperature is another key factor governing the behaviours of both water and xanthan
gum solution. For water, an increasing temperature generally lowers the viscosity and
changes both flow-resistance and heat-transfer characteristics. For the xanthan gum solu-
tion, temperature influences not only the viscosity but also its rheological response, which
may further affect drag reduction and heat-transfer reduction. Therefore, the combined
effect of temperature and polymer addition must be carefully evaluated to understand the
overall flow and thermal performance [7-9,13,14].

Although polymer drag reduction and the rheological behaviour of xanthan gum have
been widely investigated, the concentration-dependent coupling between hydraulic benefit
and thermal penalty remains insufficiently clarified, particularly for dilute xanthan gum
solutions under controlled temperature conditions [2,3,5-7,9,11,15,16]. Previous studies
have commonly focused on drag reduction, rheological characterization, mixed-polymer
systems, or pressure-loss prediction, while fewer works have simultaneously evaluated
drag reduction, heat-transfer reduction, and temperature-dependent non-Newtonian be-
haviour within the same framework [7,9,17-21]. As a result, the combined influence of
xanthan gum concentration and temperature on pressure drop, frictional resistance, Nus-
selt number, and heat-transfer degradation requires further investigation. The research
Summary present in Table 1.

Table 1. Research summary.

Researcher(s)

Geometry

and Year Studied Method Main Findings Limitation
Used modified or
rigid xanthan gum
Investigated rigid/modified = mixtures rather than
xanthan gum systems and con-ventional
Kadhim & Mahdy Horizontal Experimental + found reduced pressure drop aqueous 'xar?th'an
(2023) [5] cir-cular pipe CFD (COM-SOL) and altered velocity/shear gum solution; direct
characteristics; the CFD comparison with
re-sults supported the water and
observed hydraulic behaviour. temperature-specific
analysis remained
limited
Framed mainly as a
Showed that hydrolyzed mixed-polymer
. study rather than a
polyacrylamide/xanthan gum pure xanthan gum
Habibpour & Smooth circular mixed polymer solutions can study; did not

Clark (2017) [22]

pipe (turbulent
flow)

Experimental ) provide substantial drag
re-duction, while xanthan gum
improved shear resistance of

the additive system.

systematically isolate
the be-haviour of
single-component
XG over fixed
thermal conditions.
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Table 1. Cont.

Researcher(s)

Geometry

and Year Studied Method Main Findings Limitation
Focused on
drag—reduci.ng .
Compared measured fric-tional polymer solgtmn n
general; did not
pressure losses of e
specifically evaluate
Circular pipe xan-than-gum-based xanthan gum at 100
Ihmoudah et al. . Experimental +  shear-thinning fluids with CFD
(2018) [23] (horizontal vs. CFD (RANS) redictions and dis-cussed and 300 ppm under
vertical) }}:ow concentration affected temperature
agreement and hy-draulic Varlatlonf of 39’ 40,
behaviour and 50 °C using
’ combined
experimental and
CFD analysis.
The work was
Demonstrated the trade-off experimental and
Circular between drag reduction and comparative across
tube /internal heat-transfer reduction using  additives; it did not
Ogata et al. [24] Experimental xanthan gum, surfactant, and provide a
flow heat-transfer i
svstemn guar gum, and presented temperature-specific
Yy DR-HDR/HTR performance  numerical analysis of
relationships. 100 ppm xanthan

gum versus water.

To address this gap, the present study investigates the drag-reduction and heat-transfer
characteristics of xanthan gum solutions at 100 and 300 ppm in turbulent smooth pipe
flows at 30 °C, 40 °C, and 50 °C. Experimental pressure-drop measurements were used to
evaluate and validate the drag-reduction behaviours, while numerical simulations were
employed to analyze the associated flow and thermal responses under identical operating
conditions. This combined experimental-numerical approach is important because xanthan
gum rheology is strongly influenced by concentration and temperature, and CFD predic-
tions of non-Newtonian turbulent flow are sensitive to the adopted rheological model and
near-wall treatment [7,9,17-21]. The novelty of this study lies in evaluating concentration-
dependent xanthan gum performance by linking the hydraulic advantage of drag reduction
with its associated heat-transfer penalty [2,5,11,14].

2. Experimental and Numerical Procedures

2.1. Experimental Procedure

To facilitate understanding of the experimental configuration, Figure 1 presents a
schematic diagram of the closed-loop pipe-flow system employed in this study.

The experimental investigation was conducted in a closed-loop pipe-flow system to
obtain the pressure-drop characteristics of water and xanthan gum solutions at concen-
trations of 100 and 300 ppm. The test section consisted of a smooth circular pipe with an
inner diameter of 8 mm and an effective pressure-drop measurement length of 0.8 m. The
experiments were performed at controlled fluid temperatures of 30 °C, 40 °C, and 50 °C,
over a Reynolds number range of 8000-12,000. Water was used as the Newtonian reference
fluid, while xanthan gum solutions were prepared at the prescribed concentrations to
evaluate the effect of polymer addition on drag reduction.
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Figure 1. Schematic diagram of the closed-loop experimental pipe-flow system used for pressure-drop
and heat-transfer measurements.

For water, the Reynolds number was calculated using the Newtonian definition:

For xanthan gum solutions, the generalised Reynolds number for power-law fluids
was used:
pV2—n D"

Re = 1(3n+1\"
kgt (1)

)

where p is the fluid density, V is the mean velocity, D is the pipe diameter, y is the dynamic
viscosity of water, K is the consistency index, and 7 is the flow behaviour index.

The pressure drop was measured between two pressure taps installed along the test
section. The target Reynolds number was achieved by regulating the volumetric flow rate
using the pump and flow-control valves in the closed-loop system. Thermocouples were
used to monitor the fluid temperature during the experiment. The heater was regulated by
a temperature-control unit to maintain the target fluid temperatures, and data acquisition
was performed after the flow and thermal conditions reached a steady state.

2.2. Numerical Procedure

The xanthan gum solution was modelled as a non-Newtonian shear-thinning fluid
using a power-law constitutive equation:

T=K7%" 3)

where T is the shear stress, 7 is the shear rate, K is the consistency index, and # is the flow
behaviour index. The K and 7 values used in the CFD simulations were estimated by fitting
the shear-rate-dependent viscosity trend reported by Choppe et al. [7] to the power-law
model; the fitted parameters were further adjusted and checked against the present experi-
mental pressure-drop data to ensure consistency with the hydraulic behaviour observed in
this study [21,25] The fitted power-law parameters, K and n, used in the CFD simulations
are presented in Table 2.

The numerical domain consisted of a smooth circular pipe with an inner diameter
of 8 mm and a length of 0.8 m. Water was used as the reference Newtonian fluid, while
xanthan gum solutions at 100 and 300 ppm were modelled as a non-Newtonian fluid.
Simulations were performed at 30 °C, 40 °C, and 50 °C for both fluids. The computational
mesh used in the present study, including the cross-sectional mesh distribution with near-
wall inflation layers and the longitudinal mesh distribution along the pipe, is shown in
Figure 2.
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Table 2. Fitted power-law rheological parameters of xanthan gum solutions used in the CFD simulations.

Fluid Temperature (°C) K (Pa-s") n
30 0.0119 0.876
XG 100 ppm 40 0.0104 0.859
50 0.00969 0.813
30 0.0710 0.689
XG 300 ppm 40 0.0616 0.653
50 0.0561 0.609

Figure 2. Computational mesh used in the present study: cross-sectional mesh distribution with
near-wall inflation layers, and longitudinal mesh distribution along the pipe.

The domain was discretized using an unstructured patch-conforming mesh generated
in ANSYS Meshing with curvature-based sizing and near-wall inflation. The mesh settings
included a relevance value of 40, curvature-based advanced sizing, a minimum mesh size of
24662 x 10~%* m, and a growth rate of 1.2. The final mesh consisted of 1,061,197 nodes and
2,134,900 elements. Mesh independence was verified by comparing the predicted pressure
drop and Nusselt number for several mesh configurations, and the final mesh was selected
because further refinement produced negligible changes in the monitored parameters.

2.3. Solution Method

The flow and heat-transfer behaviour were numerically simulated using a computa-
tional fluid dynamics (CFD) approach based on the finite volume method [25-29]. The
governing framework consisted of the steady-state conservation equations of mass, mo-
mentum, and energy for an incompressible fluid. The continuity equation is given by

V-u=0 (4)

where u is the velocity vector. The momentum equation is expressed as
p(u-Viu=—-Vp+V-1 ®)

where p is the fluid density, p is the static pressure, and T is the shear stress tensor. The
thermal field was calculated using the energy equation:

pcp(u-VT)=V-(kVT) (6)

To describe the turbulent flow behaviour, the shear stress transport (55T) k—w turbu-
lence model was employed because it provides good near-wall accuracy and stable predic-
tion in the core flow region. In this study, Equation (7) represents the general finite-volume
transport equation, whereas Equations (8) and (9) are the specific transport equations for
turbulent kinetic energy k and specific dissipation rate w in the SST k—w model. Since the
present simulations were performed under a steady-state RANS framework, the transient
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terms in the turbulence transport equations were omitted in the numerical solution. The
general transport equation solved in the finite volume method can be written as

d

W09) 49 (oup) = V- (Tgp) + S 7)
where ¢ denotes the dependent variable, I'¢ is the diffusion coefficient, and S¢ is the source
term. For the SST k—w model, the transport equation for turbulent kinetic energy k is

given by

ax]‘

+ G — Y 8)

ot o

d(pk)  d(puk) o '\ ok
o T Tan oy |\IT

and the transport equation for the specific dissipation rate w is expressed as

d(pw)  d(pw;k) 9 He '\ dw
o 9x; = ax] u+ o ax] +Gw — Yo+ Dw &)
The turbulent viscosity is defined as
_ palk
pt= max(aiw, SFy) (10)

where Gy and G, are the generation terms of the turbulent kinetic energy and specific
dissipation rate, respectively, Y} and Y|, are the dissipation terms, D,, is the cross-diffusion
term, S is the strain rate magnitude, and F is the blending function of the SST model.

Gk = Ut 52 (11)
Ye=ppkw (12)
Go = a% Gy (13)
Yo = p B w? (14)

1 ok ow

— (1 _ 21 Ok ow
Dy =2(1-F)pow o 9% o (15)

where yi; is the turbulent viscosity, S is the strain rate magnitude, p is the fluid density, and
Fj is the blending function of the SST model.

2.4. Solution Method Setting

The simulations were conducted using a pressure-based solver with the SIMPLE
algorithm for pressure—velocity coupling. The gradient term was discretized using the
least squares cell-based method, while the pressure and momentum equations were solved
using the Second-Order and Second-Order Upwind schemes, respectively. The transport
equations of turbulent kinetic energy and specific dissipation rates in the SST k—w model
were discretized using the First-Order Upwind scheme [21,26].

The convergence of the numerical solution was assessed from the residual histories and
the stability of the monitored hydraulic and thermal parameters, particularly the pressure
drop and Nusselt number, following conventional CFD convergence practice [21,26]. The SST
k-w model was adopted because it provides reliable near-wall treatment while maintaining
stable prediction in the core flow region. In the present mesh, the area-weighted average
wall y* was stable at approximately 1.3-1.6, indicating that the near-wall region was
resolved consistently with the near-wall resolution requirement of the SST k—w model.
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Therefore, the adopted mesh and turbulence model were considered suitable for the present
internal turbulent flow simulation involving wall shear and heat-transfer effects.

2.5. Boundary Conditions

A velocity inlet boundary condition was imposed at the pipe entrance, and the inlet
velocity was varied according to the target Reynolds number for each simulation case. The
turbulence quantities at the inlet were specified using the intensity and hydraulic diameter
method, with a turbulence intensity of 5% and a hydraulic diameter of 0.008 m. At the
outlet, a pressure outlet boundary condition was applied. The pipe wall was treated as a
no-slip boundary for the flow field.

For the thermal analysis, the pipe wall was subjected to a constant heat flux of
4200 W/m?. The wall material was assigned as acrylic, while the inlet fluid tempera-
ture was set to 30, 40, or 50 °C, depending on the simulation case. The same boundary-
condition framework was applied to both water and xanthan gum solution to ensure a
direct comparison of hydraulic and thermal performance.

The hydraulic and thermal performances of xanthan gum solution were evaluated
relative to water under identical operating conditions. The drag reduction was calculated as

o APyater — APxG

DR(%) = =—“35——2 x 100 (16)

while the heat-transfer reduction was determined from the Nusselt number as

Nuyarer — Nuxg
HTR (%) = 100 17
( 0) Nuwater % 17

where APyyer and AP are the pressure drops of water and xanthan gum solution, respec-
tively, and Nuggrer and Nuxg represent the corresponding Nusselt numbers.

Based on the numerical simulation procedure described above, the hydraulic and
thermal responses of water and xanthan gum solutions at 100 and 300 ppm can be sys-
tematically evaluated under identical operating conditions. The resulting pressure drop,
friction factor, drag reduction, Nusselt number, and heat-transfer reduction are presented
and discussed in the following section.

The present study considers two xanthan gum concentrations, namely 100 and
300 ppm, to evaluate the influence of polymer concentration on the coupled hydraulic
and thermal behaviour. By maintaining the same pipe geometry, temperature range, and
Reynolds number range, the effect of xanthan gum concentration can be isolated with-
out introducing additional geometric variables. This study aims to provide a clear and
controlled evaluation of temperature-dependent rheological effects on drag reduction and
heat-transfer characteristics without introducing additional variables that may obscure the
underlying physical mechanisms.

3. Results and Discussion

The hydraulic and thermal characteristics of the flow were initially examined through
the cross-sectional contours of velocity and temperature for water and xanthan gum solu-
tions at 100 and 300 ppm at 50 °C and Re = 10,000, as shown in Figure 3. The comparison
provides a representative visualisation of how the rheological difference between the two
fluids influences the internal flow and heat-transfer behaviour.

The velocity contours show that both fluids developed a high-velocity core and a
lower-velocity region near the pipe wall due to the no-slip condition. However, the xanthan
gum solution exhibited a different velocity distribution compared with water, indicating

https://doi.org/10.3390/fluids11060151


https://doi.org/10.3390/fluids11060151

Fluids 2026, 11, 151

8 of 14

that its non-Newtonian shear-thinning behaviour modified the wall-bounded momentum
transport and the resulting flow structure.

B C

Figure 3. Cross-sectional temperature distribution and velocity contours of water and xanthan gum
solutions at Re = 10,000 and 50 °C: (A) temperature distribution of water, (B) velocity contour of water,
(C) temperature distribution of XG 100 ppm, (D) velocity contour of XG 100 ppm, (E) temperature
distribution of XG 300 ppm, and (F) velocity contour of XG 300 ppm.

A similar difference was observed in the temperature contours. In both cases, the
highest temperature appeared near the heated wall, and the lowest temperature remained in
the pipe core, which is consistent with the imposed constant heat flux boundary condition.
Nevertheless, the temperature distribution of the xanthan gum solution differed from
that of water, suggesting that the polymer addition also influenced the thermal transport
process inside the pipe [30].

These contour distributions confirm that the hydraulic and thermal responses are
strongly governed by the near-wall region, where both momentum and heat-transfer
gradients are concentrated. This observation provides the physical basis for the subsequent
discussion on pressure drop, friction factor, drag reduction, Nusselt number, and heat-
transfer reduction.

To further examine the turbulence-related flow characteristics, Figure 4 presents the
cross-sectional contours of the eddy viscosity and turbulent kinetic energy for water, XG 100
ppm, and XG 300 ppm at Re = 10,000 and 50 °C. The eddy viscosity contours indicate the
distribution of turbulent momentum diffusion, while the turbulent kinetic energy contours
represent the intensity of turbulence predicted by the SST k—w model. Compared with
water, the xanthan gum solutions show modified turbulence distributions across the pipe
section, indicating that polymer addition alters the near-wall momentum transport. The
XG 300 ppm case exhibits a more pronounced change in the turbulence field than the XG
100 ppm case, which supports the stronger but more condition-dependent drag-reduction

behaviour observed at higher concentrations.

Figure 4. Cross-sectional contours of turbulent kinetic energy and eddy viscosity for water and
xanthan gum solutions at Re = 10,000 and 50 °C: (A) turbulent kinetic energy of water, (B) eddy
viscosity of water, (C) turbulent kinetic energy of XG 100 ppm, (D) eddy viscosity of XG 100 ppm,
(E) turbulent kinetic energy of XG 300 ppm, and (F) eddy viscosity of XG 300 ppm.

3.1. Drag Reduction Performance

Figure 5 presents the experimental and numerical drag reduction (DR) of xanthan gum
solutions at 100 ppm and 300 ppm over the Reynolds number range of 8000-12,000 and
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temperatures of 30 °C, 40 °C, and 50 °C. Overall, both approaches confirm that xanthan
gum produces a positive drag-reduction effect under all investigated conditions [31-34].
However, the magnitude of DR depends on the concentration and temperature, while the
experimental results show a wider variation than the numerical predictions.

45 >
O
42
B *
39 - - :
= v Y @
S = B A A R
< A 2 A
< 36 O
-% o) O o
O -
3
2 O R A
X334 A AN
) a
® o} 8 @ XG 100 ppm 30C Num
a o XG 100 ppm 40C Num)
30 * A XG 100 ppm 50C Num
L] @ XG 300 ppm 30C Num|
XG 300 ppm 40C Num|
4 XG 300 ppm 50C Num|
27 - & O XG 100 ppm 30C Exp
* XG 100 ppm 40C Exp
/A XG 100 ppm 50C Exp
() XG 300 ppm 30C Exp
244 XG 300 ppm 40C Exp
<> XG 300 ppm 50C Exp
T

T T
8000 10000 12000
Reynold Number

Figure 5. Comparison of experimental and numerical drag reduction in xanthan gum solutions at
100 ppm and 300 ppm as a function of Reynolds numbers at 30 °C, 40 °C, and 50 °C.

For the 100 ppm solution, the numerical results show a relatively stable DR level
across the investigated Reynolds numbers, particularly at 30 and 40 °C. The predicted
values remain within a narrow range, indicating that the low-concentration xanthan gum
solution provides a consistent hydraulic benefit once turbulent flow is established. The
experimental data follow the same general trend, although the measured values are slightly
more scattered. This difference is expected because drag-reducing polymer flows are
highly sensitive to pressure-drop measurement uncertainty, polymer distribution, and
temperature-dependent rheological changes.

For the 300 ppm solution, the DR response becomes more condition-dependent. Com-
pared with XG 100 ppm, the higher concentration produces a broader range of DR values,
especially in the experimental data. At lower and intermediate Reynolds numbers, drag-
reduction performance fluctuates, whereas at higher Reynolds numbers, particularly near
Re = 12,000, the DR tends to increase markedly. This indicates that the stronger shear-
thinning character of the 300 ppm solution can enhance turbulence attenuation under
sufficiently intense flow conditions, although the response is less uniform than that of the
100 ppm solution.

The comparison between experimental and numerical data shows that the CFD model
captures the main hydraulic behaviour of xanthan gum solutions, especially the consistently
positive drag-reduction effect and the concentration-dependent change in DR response.
Quantitative deviations remain, mainly for the 300 ppm solution, where polymeric tur-
bulent flow is more sensitive to rheological representation and near-wall momentum
transport. Therefore, Figure 5 demonstrates that xanthan gum drag reduction is governed
not only by Reynolds numbers, but also by the coupled influence of polymer concentration,
temperature-dependent rheology, and near-wall turbulence suppression.

3.2. Nusselt Number and Heat-Transfer Reduction

The experimental Nusselt number was estimated using the measured thermal response
of the test section, while the numerical Nusselt number was obtained from the CFD-
predicted wall heat flux and bulk fluid temperatures. The comparison is used to assess
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whether the numerical model can reproduce the heat-transfer trend of water and xanthan
gum solutions.

For the Newtonian baseline, the Nusselt number of water was compared with the
classical Dittus-Boelter correlation (Nu = 0.023 Re®® Pr4), which is widely used for
turbulent flow in smooth pipes [34].

Figure 6 compares the experimental and numerical Nusselt numbers of water and
xanthan gum solutions at 100 ppm and 300 ppm over the Reynolds number range of
8000-12,000 and temperatures of 30 °C, 40 °C, and 50 °C. The Dittus—-Boelter correlation
graph is also included as a turbulent Newtonian reference, while the laminar constant-
wall-temperature value of Nu = 3.66 and the Matthys correlation for polymer solution are
shown for comparison.

@ Water 30C
> Water 40C (2]
100 4 ¢ Water 50C g
@® XG 100 ppm 30C Num
XG 100 ppm 40C Num %
A XG 100 ppm 50C Num
@ XG 300 ppm 30C Num
i XG 300 ppm 40C Num Nu = 0.023 Re®® Pr0+4
80 @ XG 300 ppm 50C Num , B $
O XG 100 ppm 30C Exp 2 4
XG 100 ppm 40C Exp
/A XG 100 ppm 50C Exp L4 '
@ XG 300 ppm 30C Exp ' g
60 4 XG 300 ppm 40C Exp ' °l
> XG 300 ppm 50C Exq
2 & pp p y ~ o I 8
o . ¢
° o
40 + g =
Matthys (1991)
/ For Polymer Solution
_ /
20 Nu = 3.66
/4
0 T T T T T
4000 6000 8000 10000 12000

Reynold Number

Figure 6. Variation in Nusselt numbers for water and xanthan gum solutions at 100 and 300 ppm at
30 °C, 40 °C, and 50 °C as a function of Reynolds numbers.

Water exhibits the highest Nusselt number under all investigated conditions, and its
numerical trend follows the Dittus—Boelter correlation reasonably well. This agreement
confirms that the numerical model can reproduce the expected turbulent heat-transfer
behaviour of the Newtonian baseline. In contrast, both XG 100 ppm and XG 300 ppm show
substantially lower Nusselt numbers than water, indicating that xanthan gum addition
suppresses convective heat transfer.

The reduction in Nusselt number becomes more evident for the higher concentration.
In general, XG 300 ppm produces lower thermal transport capability than XG 100 ppm,
which can be attributed to stronger shear-thinning behaviour and greater damping of
near-wall turbulent mixing. Although the Nusselt number still increases with the Reynolds
number, the rate of increase is lower than that of water. This confirms that polymer-induced
drag reduction is accompanied by a reduction in turbulent heat transport.

The comparison between experimental and numerical data shows that the CFD re-
sults capture the main trend of the measured Nusselt number, particularly the separation
between water and xanthan gum solutions. Some deviations remain between experimen-
tal and numerical values, especially for the polymer solutions, due to the sensitivity of
non-Newtonian heat transfer to rheological parameters, temperature control, and near-
wall turbulence modelling. Overall, Figure 6 demonstrates that xanthan gum improves
hydraulic performance but reduces convective heat-transfer effectiveness.

Figure 7 shows the experimental and numerical heat-transfer reduction (HTR) of
xanthan gum solutions at 100 ppm and 300 ppm over the Reynolds number range of
8000-12,000 at 30 °C, 40 °C, and 50 °C. All cases exhibit positive HTR values, confirming
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that xanthan gum reduces convective heat transfer relative to water. Compared with
the drag-reduction trend, the HTR response shows a larger variation, indicating that
thermal performance is more sensitive to the Reynolds number, temperature, and polymer

concentration.
50
A
A *
45 A
Q N * o
- o3
404 & -
Q ¢ o
<o A
A
35 .
o= Q
* *
24 o .
& 30 . o o
t .
e} [ d @® XG 100 ppm 30C Num
25 i &) XG 100 ppm 40C Num|
1 * A XG 100 ppm 50C Num
@ XG 300 ppm 30C Num
XG 300 ppm 40C Num
20+ 4 XG 300 ppm 50C Num|
O XG 100 ppm 30C Exp
XG 100 ppm 40C Exp
/N XG 100 ppm 50C Exp
154 O XG 300 ppm 30C Exp
XG 300 ppm 40C Exp
<> XG 300 ppm 50C Exp
T : -
8000 10000 12000

Reynold Number

Figure 7. Experimental and numerical heat-transfer reduction in xanthan gum solutions at 100 ppm
and 300 ppm as a function of Reynolds numbers at 30 °C, 40 °C, and 50 °C.

For XG 100 ppm, both numerical and experimental results show a moderate heat-
transfer penalty. The HTR values fluctuate with the Reynolds number, suggesting that
the thermal response is governed by the competition between turbulence intensification
at higher Reynolds numbers and polymer-induced suppression of near-wall turbulent
transport. For XG 300 ppm, the HTR values are generally higher, particularly at elevated
Reynolds numbers and temperatures. This indicates that increasing the xanthan gum
concentration strengthens the damping of turbulent thermal transport, resulting in a
greater reduction in convective heat transfer.

The comparison between experimental and numerical data shows that the model
captures the main thermal trend, especially the consistently positive HTR and the stronger
heat-transfer penalty at higher concentrations. However, the experimental data display a
wider scatter, which may be associated with temperature-control uncertainty, pressure and
temperature measurement sensitivity, and the simplified rheological representation used in
the numerical model.

3.3. Relationship Between Drag Reduction and Heat Dissipation Ratio

Figure 8 shows the relationship between drag reduction (DR) and heat-transfer reduc-
tion (HTR) for xanthan gum solutions at 100 ppm and 300 ppm based on both experimental
and numerical results. This comparison is important because the performance of a drag-
reducing polymer solution cannot be evaluated only from its ability to reduce pressure loss.
A higher DR is beneficial for hydraulic efficiency, but a higher HTR indicates deterioration
of convective heat transfer. Therefore, the preferred operating condition is located toward
the upper-left region of the plot, where high drag reduction is achieved with a relatively
low heat-transfer penalty.

For XG 100 ppm, the DR values are relatively stable within a narrow range, while
the HTR values vary more widely. This indicates that the low-concentration solution
provides a consistent hydraulic benefit, although its thermal penalty remains dependent
on the temperature and Reynolds number. In contrast, XG 300 ppm shows a broader
distribution of both DR and HTR. Some cases produce higher DR than XG 100 ppm, but
this improvement is often accompanied by higher HTR. This confirms that increasing the
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xanthan gum concentration can enhance drag-reduction performance, but it also increases
the risk of heat-transfer deterioration.
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Figure 8. Relationship between heat dissipation ratio (HDR) and drag reduction (DR) of xanthan
gum solutions at 100 and 300 ppm at 30 °C, 40 °C, and 50 °C.

The experimental data exhibit greater scatter than the numerical results, particularly
for XG 300 ppm. This behaviour reflects the higher sensitivity of concentrated polymer
solutions to rheological variation, temperature control, and near-wall turbulent transport.
Nevertheless, both datasets show the same general tendency: xanthan gum addition
produces a coupled hydraulic-thermal response, where drag reduction and heat-transfer
reduction occur simultaneously.

Overall, Figure 8 confirms that the optimum xanthan gum concentration should
not be determined solely from the maximum DR value. Although XG 300 ppm may
provide stronger drag reduction under certain conditions, XG 100 ppm offers a more stable
compromise between pressure-loss reduction and heat-transfer penalty. Thus, the selection
of xanthan gum concentration should depend on the design priority of the system, whether
hydraulic efficiency or heat-transfer performance is more critical.

4. Conclusions

This study experimentally and numerically investigated the hydraulic and thermal
behaviour of xanthan gum solutions at 100 ppm and 300 ppm in turbulent smooth pipe flow
at 30-50 °C and Re = 8000-12,000. Both concentrations produced positive drag reduction
relative to water. The XG 100 ppm solution showed a more stable drag-reduction response,
with DR generally ranging from approximately 31% to 39%, while XG 300 ppm showed
a wider and more condition-dependent range of about 25% to 45%, with higher values
observed at higher Reynolds numbers.

The numerical results captured the main experimental trend, although deviations
were more evident for XG 300 ppm, indicating greater sensitivity to rheological variation
and near-wall turbulence modelling. From the thermal perspective, water showed higher
Nusselt numbers of approximately 68-106. In contrast, XG 100 ppm produced Nusselt
numbers of approximately 45-69, while XG 300 ppm showed lower values of about 35-61.
The corresponding heat-transfer reduction ranged from approximately 26% to 48% for
XG 100 ppm and from approximately 23% to 46% for XG 300 ppm. These results confirm
that drag reduction was accompanied by a thermal penalty. Overall, increasing xanthan
gum concentration can enhance hydraulic performance, but it also intensifies heat-transfer
deterioration; therefore, the optimum concentration should be selected based on the balance
between pressure-loss reduction and acceptable thermal performance.
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